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SUMMARY
The work reported in this thesis is divided into 
two parts. Part A describes the measurement of the 
mobility of potassium ions in gases and the derivation 
of interaction potentials. Part B describes measurements 
of the magnetic drift velocity of electrons in hydrogen 
and deuterium. These measurements were used to gain 
information concerning the energy distribution functions 
of the electrons in each of the gases.
The motion of ions moving through a gas under 
the influence of a static electric field is 
characterised by a transport coefficient, the ionic 
mobility. The variation of ionic mobility with gas 
temperature andE/N, the ratio of electric field 
strength to gas number density, has been used to derive 
the interaction potential that exists between the ion 
and the gas molecule.
The mobility of potassium ions in the inert 
gases helium, neon and argon has been measured over 
a. wide range of values of E/N at approximately 300°K, 
273°K, 19^°K and 78°K. Since the variations in the 
mobility due to changes in either E/N or gas temperature
Xare relatively small it is necessary to perform these 
measurements with high precision. A further requirement 
is that the ion identity be known. A differentially 
pumped apparatus was constructed incorporating a 
conventional electrical shutter time of flight 
method of measuring ion mobility and a quadrupole mass 
spectrometer to achieve these requirements. Apart 
from the room temperature measurements made in nitrogen 
and hydrogen the present measurements made in helium, 
neon and argon are the first mass identified measurements 
made of potassium ions in these gases. The present 
measurements are also the first mass identified 
measurements made at low temperatures.
The interaction potentials were derived from the 
measured values of mobility using the methods of Mason 
and Schamp and of Dalgarno, McDowell and Williams.
The method of Mason and Schamp, which is based on 
the theory of Kihara, has been used to derive the 
interaction potential from the measurements made at 
room temperature of the variation of the mobility with 
E/N. From these derivations it was found that the 
form of the interaction potential used by Mason and 
Schamp although giving good agreement between 
experimental and calculated values of the mobility
xi
at low energies where the long range attractive forces 
are dominant gives poor agreement at higher energies 
where the effect of repulsion is significant. This 
suggests that the form of the interaction potential 
assumed by Mason and Schamp over estimates the 
contribution of the repulsive part of the interaction 
potential.
The method of Dalgarno, McDowell and Williams, 
which is based upon the theory of Chapman and Enskog, 
derives the interaction potential from the 
variation of the zero field mobility with temperature. 
This method which was developed before high speed 
computing devices were available contains a number 
of approximations to keep the numerical calculations 
to a minimum. The method was found to be partially 
successful when applied to the case of potassium ions 
in helium but unsuccessful in the cases of potassium 
ions in neon and argon. The reason for this is 
believed to be the neglect of the R  ^ term in the 
interaction potential used by Dalgarno, McDowell and 
Williams.
In part B the motion of electrons through the 
gases hydrogen and deuterium when under the influence 
of crossed static electric and magnetic fields was
xii
examined. This particular experiment, known as the 
method of magnetic deflection, was first conceived by 
Townsend who used it to measure electron drift 
velocities. Subsequently, however, it was recognised 
by Townsend and by Huxley that this method did not 
constitute a direct measurement of electron drift 
velocity. In view of this the transport coefficient 
measured by Townsend is nowadays known as the magnetic 
drift velocity. Frost and Phelps have introduced a. 
further transport coefficient to describe the motion 
of electrons under these conditions. This is referred 
to as the magnetic deflection coefficient and is the 
ratio of the magnetic drift velocity to the true 
drift velocity. The magnetic deflection coefficient 
is a function of the momentum transfer cross section 
and the distribution function of electron energies and 
represents a useful means of gaining information about 
these quantities.
As the energy dependence of the momentum transfer 
cross section for hydrogen and deuterium is identical 
any differences between the measured values of the 
magnetic deflection coefficient in the two gases at the 
same characteristic energy, D/|j, will be indicative of 
any difference in the form of the energy distribution
xiii
functions. For this reason the magnetic drift velocity 
and magnetic deflection coefficient have been measured 
at 293°K in the two gases over a wide range of values 
of E/N and this comparison made. It was found that 
the values of the magnetic deflection coefficient were 
in close agreement over most of the energy range used 
except for values within the range 0.03 < D/jj < 0.09 
volt where there was a maximum difference of almost 2$».
A comparison has also been made in the case of 
hydrogen with values of the magnetic deflection coefficient 
calculated by Engelhardt and Phelps at 300°K and by 
Gibson at 293°K. These calculated values of the mobility 
are higher than the present results but of the two 
calculations closest agreement is obtained with those 
of Gibson both in magnitude and in the form of the 
variation of the magnetic deflection coefficient with 
characteristic energy.
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PART A
Measurements of the Mobility of Potassium ions in 
gases and Derivations of Interaction Potentials
CHAPTER 1 
INTRODUCTION
In the absence of any external fields a cloud of ions 
dispersed through a gas will be in thermal equilibrium 
with the gas molecules. If a static electric field is 
imposed upon the system this equilibrium will be 
disturbed and superposed on the random motion of the ions 
will be a velocity component in the field direction. 
Between collisions with the gas molecules the ions will 
gain energy from the field and lose some fraction of this 
energy during the next collision. When a steady state 
has been established the ions will have a mean energy 
greater than the thermal energy of the gas molecules and 
the ion cloud will move through the gas in the field 
direction with a constant velocity W known as the drift 
velocity.
The first measurements of the ionic drift velocity 
were made late last century at the Cavendish Laboratory. 
From these early measurements it was established that the
2drift velocity was directly proportional to the 
electric field strenth, E, and this constant, by analogy 
with the theory of electrolytes, was termed the ionic 
mobility. Subsequent measurements of ionic mobility 
made over a much wider range of electric field strengths 
showed that the ratio W/E was a function of E but 
nevertheless the term mobility has been retained to 
describe the motion of ions through gases and is denoted 
by the symbol K,
W
k = e  U 1
At a given gas temperature it has been shown both
theoretically and experimentally that the mobility is
determined by a single parameter E/N, the ratio of the
electric field strength to the gas number density N.
In order to facilitate comparisons between experimental
data it is necessary to normalise the mobility to some
agreed gas number density, N . By convention is taken
-19 -3to be 2.687 x 10 cm , the number density of a gas at 
273*16° K and a pressure of 760 torr. This normalised 
mobility is referred to as the reduced mobility, K , and 
is defined by the relation,
N2K = K —  1.2
s
where is the number density at which the measurement
was made.
3The number density is derived from measurements 
of the gas pressure p and the gas temperature T which 
are related to N , assuming perfect gas behaviour, 
through the relation
p = N2kT 1.3
where k is Boltzmann’s constant. Using 1.3 the reduced 
mobility may be written in the form
273.16
760 1.4
It should be noted that the explicit temperature 
dependence shown in 1.4 is due only to the normalisation 
with respect to gas number density. The reduced mobility 
is still implicitly a function of gas temperature.
Some experimental data in the literature have been
normalised to gas number densities other than N . Ones
particular normalisation has been to a gas number density 
corresponding to a gas at a pressure of 760 torr and a 
temperature of 18° C (e.g. the Bristol School (Tyndall 
1938)). Also when these various normalisations are made 
for measurements made at room temperature the actual 
temperature of the gas is often not stated making accurate 
comparisons with such data difficult. To avoid this 
difficulty Huxley, Crompton and Elford (1966) have suggested
4that all drift velocities and mobilities be expressed
as a function of E/N and that the units of E/N be denoted
-17 2by the ’Townsend’ or ’T d ’ where 1 Td = 10 volt cm . 
Although this has yet to be adopted as an international 
unit it is now appearing in the literature and will be 
employed in this thesis.
The mobility at vanishingly small electric fields 
is known as the zero field mobility and is defined by the 
relation
K = lim K 
° E + 0
and similarly the reduced zero field mobility is defined
k = lim K 
° E o
The zero field mobility will be constant for a particular 
ion in a particular gas and in this sense corresponds to 
the original concept of ion mobility.
1.1 Ion mobility theories
The major aim of the present investigation is to 
derive the interaction potential between ions and gas 
molecules . The procedure for this derivation is discussed 
in detail in the following two chapters. One essential
5requirement is the availability of a realistic theory 
relating the ionic mobility to the interaction potential.
The first notable theory of ionic mobility was 
presented by Langevin in 1903* However poor agreement 
with experiment was obtained using this theory and in 1905 
Langevin published a new theory based upon the momentum 
transfer method of Maxwell. Strangely, it lay unnoticed 
until 1926 when it was referred to in a paper by Hasse. 
Although Langevin's 1905 theory often gives reasonable 
agreement with experiment it has as one of its basic 
assumptions a specific form for the interaction potential 
and is therefore of limited use in deriving realistic 
interaction potentials.
Chapman (l9l6) and Enskog (1917) developed a classical 
theory of ion mobility which, like Langevin's theory, 
applies only to the zero field mobility but possesses the 
advantage that it makes no assumptions concerning the form 
of the interaction potential. This theory of Chapman 
and Enskog has been used by Dalgamo, McDowell and 
Williams (1958) who developed a semi-classicial method 
for calculating the variation of the zero field mobility 
with gas temperature.
Kihara (1953) extended the theory of Chapman and 
Enskog and obtained an expression for the mobility as a
6function of E/N as well as of gas temperature. The 
results of Kihara’s theory are, however, not in a form 
readily applicable to the derivation of interaction 
potentials. Mason and Schamp (1958) have extended 
Kihara’s theory to obtain an expression for the third 
approximation to the mobility and show how this may be 
used to derive the interaction potential from either 
the variation of the zero field mobility with gas 
temperature or from the variation of the mobility with 
E/N.
Wannier (l951> 1952) has produced a theory of ionic
mobility applicable at electric fields of sufficient 
strength that the temperature of the gas may be ignored. 
Due to difficulties in solving the Boltzmann equation 
under these conditions Wannier has been unable to arrive 
at an expression for the mobility based upon a general 
interaction potential. Instead expressions for the 
mobility have been obtained by assuming specific forms 
for the interaction potential.
1.2 Methods of measuring mobilities of alkali ions
A comprehensive description of the historical 
development and techniques of measuring ionic mobility
7is given in chapter one of the book ’Basic Processes of 
Gaseous Electronics' by L.B. Loeb (1955)* The first 
reliable and accurate ion mobility measurements were 
obtained by the group of research workers led by Professor 
A.M. Tyndall of Bristol University, whose work extended 
from the late 1920’s over the next decade.
1.2.1 The ’four-gauze’ Tyndall-Powell method
The majority of measurements of ion mobility have 
been perfarmed using the ’four-gauze' Tyndall-Powell 
method (figure l.l). Each shutter consists of two 
adjacent metal gauzes between which is maintained a 
reverse field to make the shutter opaque to the ions.
An alternating signal is applied between the gauzes in 
such a way that over part of the cycle this reverse field 
is removed and the shutter becomes transparent to the 
ions. In this way the shutter is able to modulate an 
incident stream of ions into a series of pulses.
To measure ion mobilities shutters of this kind are 
used in pairs, hence the origin of the name given to 
this method. The shutters are spaced a known distance 
apart in a uniform electric field and a sinusoidal voltage 
applied to each in such a way that there is zero phase 
difference between the signal at each shutter. By varying
FIGURE 1.1
FIGURE 1.2
8the frequency of this continuously applied signal it is 
possible to find a frequency, f, such that a pulse 
produced at the first shutter reaches the second shutter 
just as it begins to open and so is transmitted. This 
condition is indicated by a peak in the transmitted ion 
current. The drift distance is defined by the spacing 
of the two shutters, while the time for the ion pulse 
to traverse this distance is the reciprocal of the 
frequency corresponding to the peak in the collected 
ion current. Hence the drift velocity can be calculated 
from the formula
W = —— n = 1, 2, 3....n
where d is the drift distance and f the frequency 
corresponding to the n^ *1 maximum in transmitted ion 
current.
The ’four gauze’ method as used by the Bristol 
School was subject to errors due to uncertainty as to the 
actual length of the drift distance (Loeb 1955)* A 
correction for this error was made by calibrating each 
mobility apparatus against one absolute determination of 
the mobility of helium ions in helium. Present day 
measurements with Tyndall-Powell shutters avoid this 
problem by using pulse techniques (Sinnott 1964).
91.2.2 The Bradbury-Nielsen method
Bradbury and Nielsen (1936) developed an electrical 
shutter method to measure the mobility of electrons in 
hydrogen. The shutters used consisted of a plane of 
fine wires with alternate wires connected to each other 
forming two intermeshing grids. This method is illustrated 
in figure 1.2. Tyndall (1938) suggested that this 
electrical shutter method might be applicable to positive 
ion mobility measurements but it was not until 1959 
when Crompton and Elford measured the mobility of potassium 
ions in nitrogen and neon that this suggestion was adopted.
In operation a sinusoidal voltage is applied to each 
grid in a manner such that a phase difference of 180° 
exists between the signals. Over most of the cycle of 
the signal this results in a strong transverse field 
being maintained between adjacent shutter wires preventing 
the passage of ions through the shutter. However twice 
each cycle when the signals pass through zero voltage 
the transverse field is removed and the ions are able 
to pass through the shutter. As with the Tyndall-Powell 
shutters they are used in pairs with the sinusoidal 
signals being applied in phase to each shutter. The drift 
velocity is given by
2df n = 1, 2 , 3 ....W = ---n
10
The apparatus employed in the present investigation 
contains both Tyndall-Powell and Bradbury-Nielsen type 
shutters but mobility measurements have only been made 
using the latter.
1.3 Ion identity
When comparisons are to be made between theoretical 
and experimental values of the mobility it is essential 
that the identity of the ions is known. Ion identity 
is uncertain under conditions of poor gas purity but 
the converse is not necessarily true. Even under 
conditions of the highest gas purity the ions may change 
their identity either by charge exchange or ion molecule 
reactions.
Charge exchange is a reaction of the form
As this investigation is concerned with alkali ions in 
diatomic or inert gases changes in ion identity due to 
processes of this kind cannot occur since the ionisation 
potentials of alkali ions are much lower than that of 
any gas through which they might travel.
Ion molecule reactions may be of the form
>  A + B +
A + + BC >. AB + + C
11
where the chemical identity of the reactants is altered 
in the collisions. Reactions of this type will not 
occur between an alkali ion and an inert gas atom but 
may be possible with diatomic gases such as hydrogen or 
nitrogen.
Another type of ion molecule reaction known as 
clustering may also occur, which may be represented by 
the following equations
A + + B + C -- > A +B + C
A + B + B + C -- > A+(2B) + C
A + ( (n-1 )B ) + B + C ---A + (nB ) + C
(where B may or may not be identical to C).
As a result of a sequence of collisions ion A + has 
a cluster of n molecules B attached to it without the 
formation of a chemical bond. Historically this ion- 
molecule reaction was recognised long ago, it being 
mentioned by Rutherford in 1897 when reporting the first 
measurements of ion mobility. Rutherford proposed that a 
cluster of molecules had formed around the ions increasing 
their mass and decreasing their mobility. Since those 
early days ionic clusters have often been cited as the 
reason for disagreements between different experimental
12
values of the mobility for supposedly the same ion or 
for abnormal disagreement between theory and experiment.
Munson and Hoselitz (1939) have shown that the 
probability of cluster formation increases the lower 
the temperature of the gas, the smaller the ion and the 
higher the polarisability of the gas. The probability 
of clusters with molecules such as water vapour which 
have a large dipole moment is high. This is the major 
reason for attempting to obtain high gas purity since 
only very small traces of water vapour are necessary 
for the formation of clusters (Munson and Tyndall 1939)* 
When clustering does occur not all the ions lose 
their identity since cluster formation is exothermic 
and the heat of association must be disappated. In the 
addition of the first molecule and to some extent in 
the addition of subsequent molecules the heat of 
association can only be disappated through impacts with 
other gas molecules, that is cluster formation requires 
a three body collision.
1.4 Methods of ion identification
Ever since the first accurate measurements of ion 
mobilities were made there have been doubts concerning 
the identity of the ions measured, the classic case
13
being the mistaken identity of the helium ions measured 
by Tyndall and Powell (l93l)* Electrical shutter 
methods are sometimes able to indicate whether more than 
one ion is present by resolving the transmitted current 
peak system versus shutter frequency into separate 
systems for each ion. Although this indicates whether 
there is more than one ion present it does not identify 
the ions. Identification is best achieved by having 
a mass spectrometer as part of the experiment, and since 
1963 three laboratories have pursued this approach.
The first reports of mobility measurements using
mass identification were given at the Sixth International
Conference on Ionisation Phenomena in Gases held in
Paris in 1963* At this conference McAfee and Edelson
(1963) reported the drift velocities of atomic and
molecular ions in nitrogen and Martin, Barnes, Keller,
Harmer and McDaniel reported similar measurements also
made in nitrogen. Later Saporoschenko (1965) performed
similar measurements with H+, H_+ and H„+ ions in hydrogen.3 3
Each of the apparatuses used in these mass identified 
mobility measurements may be divided into three sections, 
a drift section where the ions drift and diffuse through 
a uniform electric field, a transition section and an 
analyser section which contains some form of mass
l4
spectrometer. Of the three sections the drift section 
is the high pressure section being operated at as 
high a pressure as possible while the analyser section
-4is usually operated at pressures of 10 torr and below. 
The purpose of the transition section is therefore to 
remove the bulk of the gas that is emitted along with 
the ions from a small orifice at the end of the drift 
section.
The apparatuses fall into two categories, those 
that employ a small orifice and use extraction voltages 
within the transition section to increase the transmitted 
ion current and those in which larger transmitted 
currents are obtained by using a large orifice thereby 
enabling the transition section to remain as a field 
free space. The apparatuses of McAfee and Edelson and 
of Saporoschenko fall into the former category while 
that used by Martin, Barnes, Keller, Harmer and McDaniel 
is of the latter kind. The use of extraction voltages 
in the transition section gives rise to the possibility 
that the ions may change identity within this section as 
a result of energetic collisions. However tests made by 
varying the extraction voltage have shown no change
in ion identity due to this source. Operating the
15
transition section as a field free chamber removes 
this possibility. Furthermore the larger orifice has 
the advantage that measurements may be made at much lower 
values of E/p due to the larger transmitted currents.
The apparatus used in the present investigation is 
similar to that used by Albritton, Miller, Martin and 
McDaniel (1968) which is an improved version of that 
used by Martin, Barnes, Keller, Harmer and McDaniel 
(McDaniel, Martin and Barnes 1962 ) . The construction of 
the apparatus used by Albritton, Miller, Martin and 
McDaniel is shown schematically in figure 1.3* The 
drift section houses the electrode system and the ion 
source while the analyser section contains the mass 
filter of a quadrupole mass spectrometer and a particle 
multiplier. The output of the multiplier is linked with 
a multichannel analyser.
The mobility is measured by determining the flight 
time of individual ions using the following technique.
The ion source is pulsed by a signal that also provides 
the gating pulse for a multichannel analyser. The ions 
drift and diffuse through the uniform electric field of 
the drift section and pass into the transition section.
The conical skimmer selects a section of the ion-neutral
ION SOURCE
DRIFT SECTION
E
CONICAL SKIMMER
MASS
SPECTROMETER
PARTICLE
MULTIPLIER
TRANSITION SECTION
ANALYSER SECTION
11
TO
MULTI-CHANNEL
ANALYSER
FIGURE 1.3
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mixture and this enters the analyser section where the 
ions are mass identified and finally detected by the 
particle multiplier. The ions upon arrival at the 
particle multiplier are electronically sorted with 
respect to their arrival times by the multichannel 
analyser. In this manner after successive pulses of 
the ion source a histogram of arrival times is built up 
the mean of which is a measure of the drift time of the 
ion swarm. However the mean drift time contains an 
error due to end effects produced at the ion source 
and to remove this error the ion source is moved to a 
new accurately known position and a new histogram obtained. 
The difference between the mean arrival time of each 
histogram represents the time taken to travel the 
distance between the two positions of the source. This 
not only accurately defines the drift distance but the 
subtraction removes any end effects associated with the 
source.
Albritton, Miller, Martin and McDaniel used this 
method to measure the reduced mobilities of H^ + and II+ 
ions in hydrogen with the aim of gaining information 
about the ion-molecule reactions that take place between 
these ions and their parent gas. The aim of the present
17
investigation is to measure the reduced mobility of 
potassium ions in the inert gases helium, neon and argon 
and to derive the interaction potential that exists 
between the potassium ions and the molecules of each of 
the gases. The interaction potential may be derived 
from the variation of reduced mobility with E/N or the 
variation of reduced zero field mobility with T. However 
as each of these variations may be very small it is 
important that the reduced mobility be measured with 
the greatest possible precision and at the lowest possible 
values of E/p. To satisfy this latter requirement the 
general design of the apparatus used by Albritton,
Miller, Martin and McDaniel has been adopted but with 
the pulsed source and the multichannel analyser replaced 
by an electrical shutter method to give greater precision 
in measuring the time of flight of the ions. In order 
that the interaction potential may also be derived from 
the variation of the reduced zero field mobility with 
temperature the drift section has been surrounded by a 
dewar enabling the temperature of the gas within this 
section to be varied.
Four sets of electrical shutters are contained within 
the drift section, two of which can serve as either 
Tyndal1-Powell or Bradbury-Nielsen type shutters, the
18
remaining two only as Bradbury-Nielsen shutters. The 
intended versatility in choice of shutters and drift 
distances was not fully realised however; the reasons 
for this are detailed in section 4.1.1. The operation 
of the drift section was similar to that of a conventional 
mobility tube employing electrical shutters (Elford 
1966). Ideally the ions that passed through the 
electrical shutters should be mass identified before 
being detected. However due to the severe attenuation 
in ion current that occurred within the transition section 
such measurements were imprecise. To overcome this 
disadvantage the majority of measurements were performed 
within the drift section with the collecting electrode 
consisting of an unused shutter beyond the drift distance 
held electrically closed. The measurements made using 
the mass spectrometer were therefore only check 
measurements to establish the identity of the ions. 
Although continual mass identification was not made each 
of the current-frequency curves obtained within the drift 
section was examined to determine whether more than one 
ion was present in this section. In each case the curves 
indicated the presence of only one ion.
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1.5___ Measurements of the mobilities of positive alkali
ions in unlike gases
The mobility theories available that predict the 
variation of mobility with E/N or zero field mobility 
with gas temperature are based on a number of assumptions. 
It is therefore important that the ions and molecules 
investigated experimentally for comparison with the 
predictions of these theories conform to these 
assumptions. Singly positively charged alkali ions moving 
through an inert gas constitute such an ion-molecule 
system and for this reason such systems have been the 
subject of many investigations. Measurements have also 
been made using diatomic gases instead of inert gases 
since, to a first approximation, diatomic molecules may 
be considered as elastic spheres, a basic requirement of 
all present theories.
The Bristol School
The first measurements of the mobilities of alkali 
ions by this group were made by Tyndall and Powell (193^) 
who measured the mobility of sodium, potassium, rubidium 
and cesium ions in the inert gases helium, neon and 
argon. These results were used to test the validity of 
Langevin's expressions for the ionic mobility. Mitchell
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and Ridler (193^) extended these measurements to the 
alkali ions in nitrogen, the range of E/p used by them 
being sufficient to show the variation of the mobility 
with E/p. The increase in mobility with E/p was found 
to occur very suddenly, in fact their experimental 
curves consisted of the intersection of two straight 
lines. However, later measurements made by Crompton and 
Elford (1959) and others found that the increase in 
mobility with E/N followed a smooth curve rather than 
being the intersection of two straight lines.
The variation of the zero field mobility with gas 
temperature was investigated by Pearce (1936) using sodium 
and cesium ions in helium and by Hoselitz (l9^l) with 
lithium ions in helium, potassium ions in argon and 
rubidium ions in krypton.
He rshey
Hershey (l939a) measured the mobility of potassium 
ions in hydrogen, helium, nitrogen and argon at room 
temperature. Instead of a time of flight method Hershey 
used the magnetic deflection method developed by Townsend 
(Townsend and Tizard 1913)* It has been shown for the 
case of electrons that Townsend’s simple equation 
(equation 1.1, part B) relating the drift velocity to the
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electric and magnetic field strengths and the angle of 
deflection of the electron stream is inadequate (Huxley 
i960). Since Hershey used the same relation to calculate 
ionic drift velocities from his experimental results, 
it seems likely that his results are subject to error. 
However no analysis similar to Huxley’s has been made 
for the case of positive ions. Because of the likelihood 
of systematic errors of this kind in Hershey’s work his 
results have not been included for comparison in this 
thesis. A description of the method of magnetic deflection 
is given in the introductory chapter to part B of this 
thesis.
Crompton and Elford
Crompton and Elford (1959) used the Bradbury-Nielsen 
method to measure the mobility of potassium ions in 
nitrogen and neon at room temperature. Elford (1967) 
has also measured the mobility of potassium ions in 
hydrogen at 294° K.
McDaniel et al
At the Georgia Institute of Technology E.W. McDaniel 
and his research group have carried out detailed 
investigations into positive ion mobilities and reaction
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rates. The experimental method employed has already 
been discussed in the preceding section. Though the 
majority of their work has been confined to ions in 
their own gases they have measured the mobilities of 
lithium, sodium and potassium ions in hydrogen and 
deuterium at room temperature (Miller, Moseley, Martin 
and McDaniel 1968) and also the mobility of potassium 
ions in nitrogen at room temperature (Moseley, Gatland, 
Martin and McDaniel 1969).
Rees
Rees et al have measured the mobility of potassium 
ions in nitrogen and hydrogen at room temperature using 
the Bradbury-NieIsen method of measurement. These 
results are reported in a series of papers: Fleming
and Rees (1967), Rees, Fleming and Tunnicliffe (1968) 
and Fleming, Tunnicliffe and Rees (1969)*
Davies, Dutton and Llewellyn-Jones
Davies, Dutton and Llewellyn-Jones (1966) have 
measured the mobility of potassium ions in nitrogen at 
room temperature by a pulsed Tyndall-Powe11 method.
Of all the measurements mentioned in this section
only those by McDaniel et al have employed mass identification.
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1.6 History of attempts to derive the interaction potential
The early attempts to derive the interaction potential 
from measurements of ion mobility were hampered by limited 
theories and unrealistic forms for the interaction potential. 
Present day derivations based on the theories of Chapman 
and Enskog and Kihara have a much greater chance of 
obtaining realistic potentials.
Pearce (1936 )
Pearce derived the interaction potential between 
cesium ions and helium atoms from his measurements of 
the variation of the zero field mobility with temperature.
The only theories available at this time with which to 
perform this derivation were those of Langevin and Hasse 
and Cook. Pearce was able to obtain good agreement 
between the experimental and theoretical variation of the 
zero field mobility using the theory of Hasse and Cook. 
However a similar variation for the case of sodium ions 
in helium was found to give poor agreement between theory 
and experiment. Pearce’s general conclusion from these 
attempts was that although Hasse and Cook’s theory gave 
better agreement with experiment than did Langevin's it 
did not contain a sufficiently large repulsive term.
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Hershey (1939a, 1939b)
Hershey derived the interaction potential from the 
variation of the mobility with E/p. For this derivation 
he used the theories of Langevin and Hasse and Cook which 
he had generalised to apply to electric fields of any 
strength by substituting for the velocity distribution 
function a Maxwellian distribution with an unknown offset 
at the origin and an unknown temperature parameter. 
Although this theoretical analysis is not soundly based 
Hershey came to the same conclusion concerning the form 
of the interaction potential as did Pearce.
Ho selitz (l94l)
Hoselitz repeated the calculations made by Pearce 
using his own measurements of the temperature variation 
of lithium ions in helium, potassium ions in argon, 
rubidium ions in krypton and cesium ions in xenon.
However he failed to obtain the agreement between theory 
and experiment that had been obtained by Pearce.
Dalgamo, McDowell and Williams (1958) and Mason and 
Schamp (1958)
As mentioned in section 1.1 two theoretical 
investigations into deriving the interaction potential 
have been made by Dalgamo, McDowell and Williams and by
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Mason and Schamp. These methods are discussed in the 
following two chapters and have been used in this 
i nve s t i ga t i o n .
1.7 Aims of the present work
The aims of the present work may be summarised as 
follows:
(a) To obtain the variation of the reduced mobility with 
E/N for potassium ions in the inert gases helium, neon 
and argon. These particular gases were chosen as being 
representative of special cases; helium a gas of low 
polarisability approximates to the case of hard elastic 
spheres; argon a gas of high polarisability to the case 
where polarisation forces are dominant, while neon is 
intermediate between these extremes.
(b) To measure the mobility with high precision at the 
lowest values of E/N possible in order to minimise the 
extrapolation error in finding the value of the reduced 
zero field mobility. A further reason for high 
precision is that large changes in gas temperature result 
in only relatively small changes in the value of the zero 
field mobility.
(c) To derive the interaction potential between the ions 
and the gas molecules both from the variation of the 
reduced mobility with E/N and from the variation of the
2 6
reduced zero field mobility with gas temperature, thus 
providing a cross check.
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CHAPTER 2
THEORY OF ION MOBILITIES
The mobility of an ion moving through a gas is 
determined by the collisions made with the molecules 
of the gas, the gas temperature and the magnitude of 
the electric field strength. Therefore the interaction 
potential that exists between the ion and the gas 
molecule should be obtainable from either the 
variation of the mobility with electric field strength 
or with gas temperature. Although it is possible to 
calculate this potential using quantum mechanics the 
mathematical complexity is severe and so far the 
derivation has only been made for the simplest of 
atomic systems. It is necessary therefore to deduce 
the interaction potential from experimental measurement. 
Any complete theory of ion mobility should enable the 
mobility to be calculated as a function of E/N and gas 
temperature T once any general interaction potential 
has been assumed. At present, theories are available 
that enable the mobility to be predicted from a general 
interaction potential at vanishingly small electric
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field strengths and low field strengths. Under 
conditions of high electric fields however, the problem 
has not yet been solved for a general interaction 
potential but solutions have been obtained for models 
that represent special cases.
The aim of this chapter is to survey these theories 
and to discuss in particular two theories that enable 
the interaction potential to be calculated from the 
mobility. The discussion begins with the theory of 
Kihara as this is the most complete theory available 
and enables the variation of the mobility with both 
electric field strength and gas temperature to be 
predicted. Other theories restricted to the special 
cases of vanishingly small electric field strengths 
are then discussed. These theories are those of 
Chapman and Enskog and Langevin. The latter theory is 
further restricted in that it assumes a specific form 
for the interaction potential. Finally the high field 
theory of Vannier will be outlined and the use of 
specific interaction potentials to predict the mobility 
at high electric field strengths discussed.
The interaction potential cannot be calculated 
directly from the mobility but instead it is necessary 
to assume first for it some algebraic form chosen by
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consideration of the forces existing between the ions 
and gas molecules. Through the use of a suitable theory 
an attempt is then made using this assumed form to 
calculate the experimental mobility. If this attempt 
should prove unsuccessful modifications are made to the 
interaction potential until agreement is reached. The 
final algebraic expression for the interaction potential 
may then be considered as being a realistic representation.
The contribution to the interaction potential by 
ion-molecule forces will now be considered.
2.1 Forces between a positive ion and a neutral gas 
molecule.
2.1.1 Hard sphere repulsion.
The simplest assumption that can be made about the 
interaction of the ion and the gas molecule is that they 
behave as hard elastic spheres in which case the ionic 
mean free path is constant. Historically this represents 
the oldest ion-molecule model having been used by 
Langevin (1903) in his first theory of ionic mobility.
2.1.2 The polarisation force or Maxwellian model.
The polarisation force arises when an ion in passing 
close to a gas molecule induces upon it a dipole moment.
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The interaction of this dipole with the ion results in 
an attractive force F,
o 2 2e a
where a is the polarisability of the gas molecule, e 
the charge on the ion and R the distance between the 
ion and the gas molecule. Maxwell pointed out that for 
an inverse fifth power law of force the mean free time 
spent by the ions between collisions with molecules is 
constant and that as a result all the transport 
properties can be calculated without a knowledge of the 
distribution function of ion velocities. This property 
enables exact formulae to be obtained for transport 
coefficients whereas for other interactions only 
approximations are possible. In recognition of this, 
the special case of an interaction potential due solely 
to the polarisation force is often referred to as the 
Maxwellian model.
In contrast to hard sphere repulsion, the 
polarisation interaction is a long distance interaction 
and is expected to be the dominant factor in determining 
the mobility at low ion energies.
2.1.3 Higher order attractive forces.
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The interaction between the ion and the neutral 
molecule not only produces the polarisation force due 
to the dipole interaction but also forces arising from 
quadrupole, octupole and higher interactions. (Margenau 
194l). With the exception of the quadrupole force for 
which the interaction potential will be proportional 
to R  ^ shorter range attractive terms are considered
to be negligible. There is, however, a further
—6contribution to this R interaction, for the ion 
itself is capable of polarisation. Although it cannot 
become permanently polarised in the absence of a static 
field it can undergo instantaneous polarisation more 
or less in phase with the rapidly rotating dipoles of 
the molecule. This interaction is known as the 
dispersion force.
2.1.4 Algebraic form for the interaction potential.
The interaction potential for any realistic case 
may be represented by the sum of the interactions 
discussed above, expressed in the form of a series of 
ascending powers of the distance of separation,
However this expression for V(r ) suffers from the
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uncertainty of the power dependence to be chosen for the
-12repulsive term; in this instance an R dependence has 
been chosen. This appears to be a realistic choice 
having been used successfully by Mason and Schamp (1958).
An alternative term describing repulsion has been 
suggested by Dalgarno, McDowell and Williams (1958) 
where repulsion has been described by an exponential 
term. This is a more flexible form for this term than 
a pure power law dependence since the rate of decrease 
of mobility with temperature is then no longer 
predetermined. Their form for the interaction 
potential is given by
V(R) = Aexp(-SR)
R4 R
2.2 The Boltzmann equation
If ionic mobility, a macroscopic quantity, is to 
be calculated from the forces of interaction between 
the ions and the gas molecules then the distribution 
function of ion velocities must be known. The 
distribution function f(r, c ,  t) is defined as the 
number of ions per unit volume of position space and 
per unit volume of velocity space which at time t are 
located at r in position space and have velocity _c in
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velocity space. The ionic velocity _c(u, v, w) is 
defined in the laboratory frame of reference. The 
distribution function is found by solution of the 
Boltzmann transport equation
9 f 9f e / \ 9 f ( 9f\
3t — 3r m v— — — ' 3c 'at'coll 2 .1
where m is the mass of the ions and B is the magnetic 
induction. The right hand side of equation 2.1 denotes 
the rate of change in f(^, r, t) caused by collisions.
The following assumptions may be made to reduce 
equation 2.1 to a form suitable for considering the 
motion of positive ions in gases:
(1) The ionic number density is uniform in position 
space. This removes diffusive motion from consideration.
(2) The ions are assumed to drift under the influence 
of a static homogeneous electric field in the absence
of a magnetic field. This together with (l) means that 
the ionic distribution function is independent of 
position and time so that the first two terms on the 
left hand side of 2.1 vanish.
(3) Only binary collisions are important. The ionic 
number density,
n = f (_c) dc 2.2
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is assumed to be very much smaller than that of the gas 
molecules, given by
fi (c, )dc. 2.3
Here _c^(u^, v ^ , w^) is the velocity of the gas molecules 
and f (-C ) their distribution function where,
f, (c. ) = N (2TT kT
3/2 “miCl
eXp ^ 2kT ^ 2.4
The condition n <<N is always satisfied in mobility 
experiments and means that the collisions of ions with 
each other can be neglected in contrast to the 
collisions of ions with gas molecules. As a result the 
Boltzmann equation becomes linear in the distribution 
function rather than quadratic.
(4) The binary collisions are elastic. In the case 
of monatomic gases the ion energies used in mobility 
measurements are well below the thresholds of 
excitation so that this condition is satisfied.
(3) The force law of interaction is spherically 
symmetric. The scattering is therefore independent of 
the azimuthal angle. This assumption does not strictly 
limit the treatment to monatomic gases as the 
properties of many polyatomic gases can be reasonably 
well described by an average spherically symmetric force.
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(6) The binary collision can be described by
classical mechanics. It might be expected that there 
would be occasions when quantum mechanics would be 
needed since it is known that as the ratio of the de
I! a itBroglie wave length to the radius — of the atom tends
to zero the total collision cross section for elastic
2scattering tends not to the classical value tta but to
four times this value. The additional scattering that
causes this increase as the wavelength decreases is
confined to small values of the angle of deflection X .
However it is not the total cross section but the
U ) , vcollision cross sections Q \g) defined by
TT
Q^£ \g) = 2tt f (l - cos£x )l( g,X ) sihX dx 2-5
t 1 . 2 ,
that are important in the study of transport phenomena. 
In equation 2*5 l(g,x) is the differential cross section 
for elastic scattering per unit solid angle sin^dx^e for 
ions and gas molecules of relative speed.
g  = I C - _C^ I = j C 1 - _cj^  I
where _c’ and _c^  are the final velocities of the ion and 
gas molecule after the collision in which the relative 
velocity g  is deflected through the angle x measured 
in the centre of mass frame. The angle e is the
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azimuthal scattering angle. It can be seen from 
equation 2-5 that the contribution of small angle 
scattering to the collision cross sections is going 
to become less and less important as X decreases due 
to the (l - cos^X) factor and thus the collision cross 
sections Qf is) tend to the classical limit as the 
wavelength decreases.
At very low energies deviations from classical 
mechanics may be expected when the de Broglie wavelength 
is comparable with the Bohr radius. However this 
condition is likely to be achieved with only the 
lightest of atomic systems and most gases will have 
liquefied before they have reached a temperature low 
enough for quantal effects to be appreciable.
When the ion-molecule system is such that charge 
exchange may occur between the ions and the gas 
molecules quantum mechanics must be used. However as 
this investigation is concerned only with alkali ions 
moving in inert or diatomic gases the process of charge 
exchange does not have to be considered.
Using the assumptions (l) to (6) listed above 
equation 2.1 becomes
(f’f ^  - ff^Jglfgx ) sinx dx d£ d_c1 2.6
E = IE I
eE 9 f 
m 9w
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where the z axis has been chosen in the direction of the 
electric field E.
Equation 2.6 still remains incapable of exact 
solution and as a result various methods of obtaining 
approximate solutions have been developed. One of these, 
due to Kihara (1953)> will now be considered in detail 
as it forms the basis of the present method used to 
obtain the interaction potential from measurements of 
mobility as a function of E/N.
2«3 The theory of Kihara.
Kihara has extended the method of Chapman and 
Enskog for obtaining the transport properties of binary 
gas mixtures to the calculation of ionic mobility. The 
Kihara method may be regarded as a perturbation 
technique in which the Maxwellian model is assumed to 
be the unperturbed case.
In order to solve equation 2.6 the distribution 
function is first written after the method of Enskog 
as ,
f( c) = f(°) (c) + f^^(_c)
= f(°)(l + <|>) 2.7
2.8
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k is Boltzmann's constant and T the absolute temperature 
of the gas. The function f(°) is the Maxwellian 
distribution function to which the ionic distribution 
function f reduces in the absence of an electric field. 
Since both f^°^(_c) and f^(_c^) are equilibrium 
distributions then by Boltzmann's H theorem
f ^ (c’)fx(c|) = f ^ (c)f1(c1)
Using this fact and after substituting equation 2-7 
into equation 2.6 the following form for the Boltzmann 
equation
eE 3f 
m 3w -Nf
(o) J<j> 2.9
is obtained. In this equation J is a linear operator 
that operates on any function ß(^) of the velocity of 
the ions and is defined by
J ß(.c) = ^ j  j f1(^(c) -ß (c» ) )gl(g,x ) sinxdx dedCj^ 2.10
The inner product of two f unctions £(_c) and ip (_c) is 
defined by ( £ ,\p ) = ~ f(°)
The operator J is symmetric,
U ,  JS) = (c , Jip) 
and positive definite,
(? , J*)  >, 0.
E,\p dc
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Multiplying both, sides of 2*9 by -^ (_c)d_c and integrating 
gives,
-eE f a w E, dc f J<j>dc
Integrating the left hand side by parts noting from 
equation 2.10 that J £ =  j ( l + ^ )  and using the
symmetric properties of J on the right hand side gives
eE
m f ^  dcaw — fJCdc 2.11
The average value of any function of the ionic velocity 
ip (_c) is defined as
1
n fip dc .
Equation 2.11 may therefore be written
eE----  < — a- >8 w N< J
e E < 3i->Nm d wor < J£> = Tr- > 2.12
In particular if K (_c) is replaced by w the 
component of the ionic velocity in the direction of the 
electric field then
< J w> mN 2.13
In order to obtain an expression for Jw, let the function
4o
B (_c) in equation 2.10 be chosen as _c, then
= I J J 1 q ( C - c’ )gl(g, X )sinxdxd£dc- 2 . 14l v-  -  ' b V A x
The velocities _c and _c1 are now rewritten in terms of 
the velocity of the centre mass G, where
c „ +
—  m ^ + m  — 1  m ^ + m  —
and m^  is  the mass of the gas molecule. Since
2.15
_c^  = c - g ,  then 
m.1c = G +— — rn^  + m£
and as G remains unchanged by the collis ion  equation 
2.14 may be written as
J -  = jSf m ~+ ~m l | !  r i ^  "  g* ) g l ( g > X  ) s i n Xd x d e  d c 2 2 . 1 6
Integrating over the azimuthal angle equation 2.16 
becomes
Jc 2 tt m i— N m^ +m f ~ g ( l  -  cosx) gl( g> X ) sinX dX d£-^  2.17
( i )which in terms of the collision cross section Q 
takes the form
T 1 ml J c = —— N m^ +m f ^ Q ^ ^ d C q
4l
or Jc = ■“ --—  I f (_c - _c1)Q^^gdc— N nij +m ■1 1 2.18
(1)The collision cross section Qf ' is obtained from 
equation 2.5 with &= 1 and is known as the momentum 
transfer or diffusion cross section. This cross 
section is also denoted by the symbol in this thesis.
Equation 2.18 in terms of the z component of _c, 
i .e . w , become s
J w = —1 mlN m^+m f ( w - w 1 ) ^  gdc1 2 .19
The discussion so far has been completely general but 
at this point a special case is considered.
The Maxwellian model.
The differential elastic scattering cross section 
for the Maxwellian model varies inversely as the relative 
speed g. The factor ^ g  may therefore be taken 
outside the integral sign in equation 2.19 which then 
becomes
J w m^+m1 g Q ^ w 2.20
By use of 2.13 the drift velocity is given by
eE 1 m+ml
N gQ(1) mmi< w >
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or < w>E N
e m+m^
mm^ 2.21
Hence for the Maxwellian model, the product of the 
mobility and the gas number density is independent 
of both electric field strength and the gas 
temperature.
In the special case of the Maxwellian model 
equation 2.20 shows that w is one of the eigen 
functions of the symmetric linear operator J and that
ml (1)the corresponding eigen value is ---- gQ . Kihara
d o  m ^ + m
uses this fact to develop a method of successive 
approximations to the mobility by introducing a set of 
orthogonal functions chosen to be eigen functions of 
the operator J for the special case of the Maxwellian 
model. These functions are defined by the relation
where
2 A/2 / \ 2
V2kT' 'C'ÖÄ +i'‘2kT'
the S(r) (- --) are Sonine polynominals which are
functions of the square of the ionic velocity.
Expansions of Sonine polynominals are the usual basis
of obtaining series solutions to the Boltzmann equation.
The functions P 0{— ) are Legendre polynominals which~ c
account for the preferred direction in velocity space
caused by the applied electric field.
( r)Each y is a polynominal of degree U 2 r  in the 
components of _c and the orthogonality relation is given 
by
____ 2_ 1
2 & + 1  ■§• TT 41
7T r()l+r+3/2)6u 6 rr' 2.23
where 6 = 1  for p = q and 6 = 0  for p 4- q.pq pq 1
The ion mobility can be obtained directly from 2.22 by 
settingZ = 1 and r = 0,
i
(2kT j2 (o)> = <w > = REv m 1 2.24
Thus the problem of calculating the ionic mobility 
reduces to that of determining <\p .
Equation 2.22 is substituted into 2.12 to give
»‘ •w 2 .25£ Nm 3 w
By using the recursion relations for the polynominals
(r) d v v,
Pi and 9w of 2.25 may be expressed as
(*h) { ^ r ) 3w
C r)£ ( - ( £+1)4, ( r-1)
' Z+ 1
which upon substitution into equation 2.24 gives
(*+£) = eFG+i+d « pz - (*+i) ] 2.2 6
whe-  e = < I >  (as) 4
For the Maxwellian model each function! (r) is an
eigen function of the operator J, i.e.
j «h ) = xr (M ^ (r)
(r)Generally the ’ are not eigen functions of J but
2.27
since J is spherically summetric the following may be 
written for the expansion of (Kihara 1953)»
J Ar) = 1* J (s) 2.28s =0
with
(^(s), jf(£r))
ars ( d  - (s)s 2.29
and a ( ü) ^ 0 since J is positive definite. Substituting 
for 2.28 into 2.26 gives
(£ + V 2) £ars( S >^ = €[*, U+ 1/2 +r)<il>(r h  -
s=0
(i+i)«i> (r 1) >i
i +i
with = o.
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The next step is to solve this doubly infinite set 
. (r)of equations for y > in terms of the expansion
coefficients ars( • However since it is not possible
to solve 2.30 exactly Kihara has developed a convergent
scheme of successive approximations. This is based on
the property that for the Maxwellian model the off
diagonal ars(M are equal to zero. The reason for this
is that all the a (£) for any ion-moleculers
interaction can be expressed in terms of collision 
integrals or temperature dependent cross sections 
fi(£,r) and their temperature derivatives by repeated 
use of the following recursion formula (Kihara 1953)
r+l) = (r+-|)ft(£,r) + T.d ^ , r) 2.31
The collision integrals f(£,r) are defined by the 
formula
—7
S2(H,r)(T) = ( 3— )3 exp(-V2)v2r+V £)dV 2-32
ft
where = ^yg^/kT 
m^m
and y = ---- is the reduced mass of the system. Howeverm^+m J
for the Maxwellian model all the ft(£,r) are independent 
of temperature so that their temperature derivatives 
are zero. Moreover if the recursion relation given by 
equation 2.31 is used it is found (Mason 1957) that
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the off diagonal a (&) are proportinal only to the2T S
derivatives of , £) and are therefore zero. 
Furthermore the further off the main diagonal are the 
a (&), the higher order are the derivatives of ft(£,r)3T S
that form their leading terms. Thus the assumption 
is made that the higher derivatives of ft(&,r) become 
progressively smaller and so for a general interaction 
the off diagonal a (&) are small compared to those
2T S
that form the main diagonal. In general this 
assumption is quite realistic especially at low 
energies where the polarisation force is likely to be 
dominant. However the convergence of the procedure 
needs to be checked by numerical calculations for each 
particular ion-molecule model assumed. The problem of 
convergence is further discussed in section 3*2.
The first approximation to the mobility [k ]^ .
A first approximation to the solution of 2.30
(r )symbolised <\p^ '> ^  is obtained by setting all ars(^ )
equal to zero for which r ^  s.
(£ + l/2)arr( = €|>(it + 1/2 + -
( * + i K ( + i1 )>1] 2.33
From equation 2.33 it may be inferred that
(-irr .^,.(r)> 4 2 r 2.34
Setting & = 1 and r = 0 in equation 2*33 gives for
<* (°)>
a (l) = 6o o v ' 1 1< ii ^ ° £ 2.35
and using this result together with equation 2.24 gives
e 1
mN ~  [77
cl
2 .36
00
Here [k J^ -*-s the first approximation to the mobility. 
For the Maxwellian model 2.36 is of course exact. For 
low energy collisions when the polarisation interaction 
is dominant the mobility will approach the first 
approximation (2 .3 6 ).
The second approximation to the mobility
Equation 2.30 may be rewritten as
+ 1/2 = €[* (8. + 1/2 + r ) < * / l  -
( S'+l)«l'{h ”d > ]  - (8. + 1/2)1 (1 - 6 „Ja_(8. ) « 3 St 2-37rs rss = o
where the summation on the right hand side is over all 
the non diagonal elements. The second approximation to
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> i*e* 2 is obtained by substituting the
( 27 )first approximations <i|n > obtained from equation 2-33X/ _L
into terms with non diagonal coefficients, that is 
into the right hand side of equation 2.37* Thus the 
expression for <^ ° ^ > is
a (1) oo' '
(o)>
1 2
OO
y
L (1 -<s ) a (l)1os' os' ' ( s )>1s = o
which by use of the binominal theorem may be rewritten 
as
< ° )>.1 2 T-yrU+^l - 6 )a (1)<^|S^>] (1)L ty os' os' 1 JV ' S=o
-1
oo
Substituting this result into equation 2.24 and using 
equation 2-33 for 6/a (l) then the second approximation
to the mobility, [k ]0, becomes
[K]2
_e
mN
OO
s = o
«It ( s) 1
<lP(oj1 1
2 .38
This process is repeated until the required
approximation to <^°^> and hence the mobility, K, is
obtained. The equation for the n^^1 approximation to 
( r )any <i|r 7> will be
b +  1/2)arr(s-)<if,£^r ^ n = e U b +  i/2 +rH / ^ >n _1 -
<i)h:1b  ,] - (l+ 1/2) l (1 -5 ) a ( l *  <“*> 2.39Ä+1 n-lJ v / l \ rs/ rs\ / n-1
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The second approximation to the mobility, equation 
2*37» will now be discussed in some detail in order to 
show the variation of mobility with field strength and 
gas temperature.
The first step is to evaluate the coefficients
a^ (ü) required for the second approximation, i.e.
a (1). os '
The coefficients a (l).os '
From equation 2.29»
a (1) os
U (L s ) , j 4 o ) )17P77P)
and using the orthogonality relation for ip 
becomes,
(r) a (1)OS
a !/2 .(1) = 2 J-- si2 r(r+ 5/2) (4s)- j4o))
(n)
2.40
The Sonine polynominals q x )  are defined as the 
coefficients of tn in the expansion
(1 _ t)-m -1exp(-xt1-1  ^ mn=o
l s W ( x ) t ” 2.41
where 0 <t  ^1, and x and m are real. In particular
S ^ ° ^ = 1 and S ^ ( x )m m v ' m + 1 - x
The inner product is the . coefficient of
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t in the expansion of
2^T n O  “ t)
-5/2
h  °) eXp (. -t me' ;)wJwdc 2.42
(o)
1-t 2kT
Substituting into 2.42 for Jw, (2.19)» (2.8) and
f^ (2.4) gives
3/2
~D/ *(l - t) [[ exp ( - A ) w( w
j m^m (m^rn)
2kT m1+m (2irkT)3
-5/2
 -wn)gQ fdc.dc
2.43
J J
where
m e, 1 1  1 meA = - ■ - ■ +2kT 1-t 2kT
In terms of the velocity of the centre of mass, G, given 
by equation 2 .1 5 , and the relative velocity, _g, 
i m +in
A = -— 7 -77777 1(1 - M xt)G" + M 1M n(l - M 0t)g +1-t 2kT 1 2' ~ “ 2 
2M1M2tG._g]
where M 1 = --and = — —— ,1 m^ -f-m 2 m^+m
By use of a new variable
M M
£ ’ = s  + ^
the expression for A can be transformed into a
quadratic form
l-M t m +m m m
A = -;--;----7777 G ’ + 7— 77-7 ----  g1-t 2kT 1-M^t nij+ m
2.44
2.45
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Since
3(G, g) ! 3(G’, ß)
8 (c , C±) 1 9(G, ß) 1 2 . 46
where J is the Jacobian, dG’ dg may be substituted for 
djcd_c^. Furthermore, for
w(w - wx ) = (Gz + M Lgz )gz = (G^ + v v i h  M ng j g1-M^t 1 z ' z
may be substituted (Kihara 1953)
1 l - fc M 23 1-Mjt Mlg 2.47
Using 2.43 and equation 2.45 together with the 
transformation 2.46 and the substitution 2.47» 2.42 
becomes after integration with respect to G ’
— M (— —3 1 ''2wv&  f U - V )
i
-5/2 2 / X
exP(lTM^)V JdV 2 *48
A comparison of 2.48 with ^(l,l), as defined by
8M„
equation 2.32, shows that 2*48 divided by 3 is
equal to ^(l,l)(T) in which T is replaced by 
T(l - M^t). Hence 2.48 may be written as
3 Mj n(l,l)(T(l - Mxt))
which by a Taylor series expansion is equal to
I Gif (M tT)sf % i i
J s=o • dTS
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Thus the coefficient of t in the expansion is
s dS p( 1,1)(MXT) 2.49
Inserting 2.49 into 2.40 and the result into 2-38 
results in
gm +m oo b T ,s / x 
\-icl - — 2  1 e r y s d 1,1) i -1
L ^2 16 m m N L s! ,_s ^1 s = o dT
2.50
where
2s !(-1)S<iJ;[S )>1 (M1 )S
r (s+5/2)<ijj ^ > 2
2.51
From 2.34 the bg are positive and proportional to E‘
with the exception that b 1.
Equation 2.50 may be written as
r 1  3 ml+m e r ,  r “l1 dfi(l.l) U21 dÄn(l,l)LKJ2 = 16 N I-« U.l) + —  dT + —
b,T b T‘
'2 l6 m^m N
....] - 1
which for weak electric field strengths may be 
expressed as
3_ mi*m e 1 r , _ hlT dn(l,l) 1 ,
J2 16 m m  N fi(l,1) L " fi(l,1) dT J J
From equation 2*52 it can be seen that an increase in 
E and an increase in T have similar effects on the 
mobility. At normal laboratory temperatures and below,
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increases in field strength and temperature usually 
serve to increase the mobility as over this temperature 
range ^(l,l) is a decreasing function of temperature 
for most ion-molecule systems. However there exists a 
temperature T at which ft(l.l) has a minimum so that 
dfi(l,l)/dT is zero. Therefore at T q the mobility will 
be approximately independent of the field strength. At 
temperatures greater than T Q ,fi(l,l) is now an 
increasing function of T so that an increase in field 
strength will result in a decrease in the mobility.
Heavy ions in a light gas. (m >> m^).
The special case of heavy ions in a light gas will 
now be considered under the condition that the drift 
velocity of the ions is much smaller than the thermal 
velocity of the gas molecules, i.e.
<w> 2 << 2.53
The reduced mass can be set equal to and the
relative speed expressed as
r 2 „ 2 \ \g = (c - 2c .c + c .
Since c << c^ Q^^(g) may be expanded by a Taylor series
to give
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Q (l)(g) = Q(l)(cl} - ^ 4 ^± C1 °1 2.54
(i)Inserting 2.54 into equation 2.19 and denoting Qf '(c^) 
by gives
N — --- Jw = w j f gQ^^dc + w f --- 1 dc 2.55m I 1&^ -1 l a c -  c -1j j 1 1
which reduces to
y l ml 4* ml f . n(l) 4,
Jw = n y v s  r ¥ w  h gQ cidcil o
i  °°
16 ml , kT N 2 I s xr2 \,r5^ (1) ...= —  ---- w (—--) exp( -V ) V Q dV3 nr +m k2 ttv' J1 0
m± i
where V = (— ) c .
2.56
In terms of collision integrals as defined in 
equation 2*32 it can be seen that
J w = Xw
1 6 m 1where X = — ------ fi(l,l)3 m^+m v '
2.57a
2.57b
which when inserted into equation 2.13 gives
<w> 3 ml+m eEmNA l6 m^m N 1,1) 2.58
Thus the mobility of heavy ions in a light gas is 
independent of the field strength as long as condition
2-53 holds.
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2»3.1 The extension of K i h a r a 1s theory by Mason and
Although K i h a r a ’s theory is not restricted to any 
particular regime of electric field strength convergence
to the mobility limit its use to low to vanishingly
small field strengths. Mason and Schamp (1958) have
taken the general expressions of K i h a r a ’s theory and
presented them in a form readily applicable to the
analysis of experimental data.
They begin with equation 2*38. As it stands
^ ^  27 jequation 2*38, the n approximation to <4^ > is of
little practical use until the point of termination of
the infinite summation is decided. Mason and Schamp
have laid down as their criterion that each higher
(r )approximation to <4^ should result in the addition
of one additional off diagonal term. Thus to give the 
n^^1 approximation to equation 2-38 should be
rewritten a s ,
S c h a m p .
I 27difficulties in the approximations to <4^ > and hence
(*+ l/2)arr( H)<* h ) >n = e[A ( Ä.+ 1/2
i -1 n-1>
( nt-i) <*;Z +1 n-1 ] -(*+ 1/2) L (1 - Srs)ars( £) n-1 2.59
s = o
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v r*)Each higher approximation to therefore results
in the addition of one term proportional to the next 
higher power of than appeared in the previous 
approximation.
By repeated application of equation 2-56 Mason
and Schamp have derived an expression for the mobility
2as a power series in 6 :
K = [K ]1[gQ + gp( G/a00(l) )2 + S2 ^ ^ ao o ^ ^ 4 + .... ] 2,60
Here is the first approximation to the mobility as
defined by equation 2.36. Each higher approximation 
to the mobility results in the addition of an extra 
term to equation 2.60 and thus equation 2.60 is the 
third approximation to the mobility. The coefficients 
g^ that appear in equation 2.60 are complicated 
functions of the ars(^) and for the third approximation 
to the mobility are given by Mason and Schamp as,
aol^1  ^ al o ^  ao2^1  ^ a2 o ^
° aoo^1  ^ ao o ^  a22^1  ^ 2.6l
S1
S2
J  D r “ao (l) ao2(l) a21(l)
L a (1) + a (1) a _ ( l )  +oov /  oov /  22
„,(2) r~ao2^1  ^ gtpiC1) ai2 (1 ^
a (l) + a (1) a (1) +oov ' oox llv '
2.62
2.63
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where
r -| \ 0 a (l) 5a (l) 4a (l)V 1 ) _  0 0  f o °  0 0  1
- 3 a1;LU) La1;L(o) + aoo(2) J 2.64
and
(2) 48 aoo^^ aoo^1  ^ aoo^1  ^ aoo^1^
5 a22( 1) a00( 2) a1:L( 2) aOQ ( 3)
if ao°^^ aoo ^ ^  r^ o o ^ 1  ^ Z|aoo^1  ^if ^ o o t 1) 
+ 9 a11(l) a22(l) a11(o) + ao()(l)JL a ^ o )
+
4a (1)oo
5a1:L(2) ] 2.65
The major practical limitation on equation 2.60 is the 
ever increasing complexity of the algebra involved as 
further terms are added, that is as higher 
approximations to the mobility are found, together with 
the difficulty of evaluating the complicated new a^s(&) 
which appear.
Mason and Schamp in their derivation of the 
interaction potential from the mobility have chosen
v(R) = I [(1 + y )(5s )12 - M ß 2)6 - 3(1 -Y)(^5)4] 2.66
In equation 2.66 e is the depth of the potential 
minimum, R is the value of R at which V(r ) is a 
minimum and Y is a measure of the quadrupole and
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dispersion interactions. Thus if* Y = 0 the 
polarisation interaction completely dominates and if 
Y = 1 the inverse sixth power term dominates.
The interaction potential enters equation 2.60 
through the ars(^ ) which can be expressed as linear 
combinations of the collision integrals fl(£,s). The 
method of calculating the collision integrals and hence 
ars(&) will be dealt with in chapter 3* However, at 
this stage it suffices to say that assuming the 
algebraic form of the interaction potential given in 
equation 2.66 it is possible to calculate the collision 
integrals and hence the mobility. Comparison with 
experiment then determines the parameters of 2.66.
2.3«2 The convergence of the Mason and Schamp 
expression for the mobility.
There are two sources of convergence errors in
equation 2 .60; the convergence errors in the expansion 
2in powers of 6 and in the expansion coefficients g , 
g^ and g . In two special cases there will be no 
convergence errors. The first case is that of heavy 
ions in a light gas when the mobility is independent 
of the field strength (equation 2*58). Equation 2.36, 
the first approximation to the mobility is then exact.
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The second case is the Maxwellian model. Thus when the 
interaction potential is dominated by the polarisation 
interaction, as it would be in the limit as the 
temperature tends to zero, equation 2.36 will again be 
exact, in this case Tor all mass ratios.
The expansion coefficients g , g^ and g^ as are 
shown by equations 2.61 to 2.65 are inTinite series 
and functions of the a (&). In order that the 
convergence of gQ, g^ and g^  may be discussed under 
more general conditions the assumption is made that the 
electric field is vanishingly small. The coefficent 
gQ differs from unity by at most a few per cent and 
thus inclusion of the second term gives an accuracy of 
one per cent or better. This can be seen from equation 
2.60 rewritten under zero field conditions as
m 2(6c - 5)
e° = Lk J = 1 + 2 2 2 ’ 0730m + m (25 - 12 B) + l6mm1A
where A, B and C are defined as 
A = fi(2,2)/fi(l,l)
b = [5 p( 1,2) - 4n(i,3) ]/n(i,i) 
c = «(i,2)/n(i,i)
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The convergence of g^ for any ion-molecule combination 
can be checked from 2.67*
The convergence of g^ is now examined. As 
equation 2.60 for the mobility is a third approximation 
then g , as given by equation 2.62, is a second 
approximation. The first term of g^ is usually 
considerably larger than the second and thus the 
general behaviour of g^ may be checked by examining 
the second term. Mason and Schamp derive the following 
expression for the ratio of the second approximation to 
the first approximation of g^:
[g ]
= 1 + To P(6c - 5) - 3(5 - 4B) + .... ] 2.68
Moreover Mason and Schamp state that if the rate of 
convergence for g^ is about the same as that for g^ , 
then the maximum error in using [gj^2 P-*-ace the
exact value for g^ would be of the order of 5^  
occurring when m^ >> m.
The final coefficient g^ given by equation 2.63 
is only a first approximation, again as the mobility as 
expressed by equation 2.60 is only a third approximation. 
Mason and Schamp estimate that the worst possible 
convergence error in g^ to be of the order of 13 - 20%.
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This is not too serious as the g^ term must be small if
2the expansion for K in powers of € is to be usable 
at all.
2The convergence of the expansion in powers of £ 
is more difficult to discuss because the overall 
convergence depends sensitively on the ratio of the 
masses, the temperature and the force law. This is best 
checked in each specific case during analysis though 
Mason and Schamp give as a criterion that the 
convergence of 2.60 is beginning to break down when 
the g^ term is as large as 10$ of the gQ term.
2.h Theories applicable at vanishingly small electric 
field strengths.
The detailed analysis required to solve the 
Boltzmann equation for the distribution function can 
be avoided if the special case of vanishingly small 
electric field strengths is considered. Under this 
condition the ions are in thermal equilibrium with the 
gas molecules with the result that the distribution 
function of ionic velocities is Maxwellian. This 
represents a considerable simplification and removes 
one variable, the electric field strength, from the 
problem. Thus instead of calculating the interaction
potential from the variation of mobility with E/N it 
is found from the variation of zero field mobility 
with temperature.
2.4.1 Chapman and Enskog.
At vanishingly small electric field strengths the 
mobility can be expressed in terms of the diffusion 
coefficient D by means of the Nernst-Townsend or 
Einstein relation (McDaniel 1964)
2.69
According to the Chapman and Enskog theory which is 
based on the same assumptions that preface the Kihara 
theory the diffusion coefficient may be expressed in 
terms of the collision integral ft(l,l) as
D 3kT16 U(n+N)
1+ eohui) 2.70
where £ is a small correction term which does not o
exceed O.I36. The significance of will be discussed 
in section 2.4.2. As n is always much less than N it 
may be omitted from equation 2*70 so that the 
diffusion coefficient may be written as
3kT q )
16UN ft(l,l)D 2.71
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From equation 2.32^(l,l) may be written in terms 
of the momentum transfer cross section as,
i- 0° . .
n (l.l) = ( y ^ )  I exp( -V2 )V^Q 1 ( g) dV
b
The angle of deflection enters through the momentum 
transfer cross section which may be written in the 
form (Hirschfelder, Curtis and Bird 1964)
Q^U) co s x)bdb 2.72
where b is the impact parameter defined as the 
perpendicular distance between one of the binary pair 
and the initial line of relative approach of the other.
Finally the interaction potential determines the 
angle of deflection through the equation
X =  7T dR/R2
Ug
2.73
The derivation of equation 2-73 is given in section 
3*1*2. Thus for any algebraic form of the interaction 
potential it is possible to calculate x and hence the
zero field mobility.
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2.4.2 The factor e .o
The transport coefficients are obtained in the 
Chapman and Enskog theory from solutions of infinite 
sets of linear equations. From these equations the 
transport coefficients are expressed formally as ratios 
of infinite determinants whose elements are the 
coefficients of the linear equations. The Chapman and 
Cowling (1961) method of obtaining approximate 
solutions to the infinite sets of linear equations is 
to replace an infinite set by a finite one, higher 
approximations obtained by taking successively larger 
finite sets. How far this needs to be taken will 
depend on the rate of convergence which in turn depends 
on the nature of the binary mixture.
The transport coefficient that is of concern in 
the Chapman and Enskog method of finding the zero field 
mobility is D, the diffusion coefficient. The first 
approximation to D is
The second approximation is related to the first (Furry 
and Pitkanen 1951) by
[d ]2 = [d ]1(1 + eo).
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Thus the factor e is a measure of the rate ofo
convergence of the expression for D. According to the 
Chapman and Cowling method the value of may be found 
from
e0 = 5(c - 1)2h  - 4B + 6(f-)2 + 8A(f^)]_1 z-7h
The quantities A, B and C are as defined in section
2 .3 *2 .
The value of e should be calculated for any o
ion-molecule combination as a check on the convergence 
of D.
2.4.3» The method of Dalgarno, McDowell and Williams.
Dalgarno, McDowell and Williams (1958) have 
suggested a method that makes use of the following 
algebraic form of the interaction potential
V(r ) = Aexp( - £R) - \  - - ^ - 7
R R
The constants A, £, B, C etc. are determined by trial 
and error until agreement is reached between the 
calculated value of K q and that found from experiment. 
To calculate the constants with some degree of 
uniqueness requires that the comparison be made with
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a number of values of K q measured over a wide range of 
temperatures. The value of B will be largely 
determined by values of K q measured at low temperatures 
where the polarisation term is likely to be dominant 
while the value of £ will be determined by values of 
K q at much higher temperatures where repulsive forces 
play a more important role.
Dalgarno, McDowell and Williams have calculated 
X in terms of phase shifts characterising the
asymptotic behaviour of the wave function of relative 
motion of a system of particles. The phase shifts 
are defined by the condition that the regular solution 
of the equation
Sj, (R) + [k2 - 2 y g £(R) = 0 
behaves asymptotically as 
g£ (R) v k 1sin(kR - +n^ )
where k = Pg is the wave number of relative motion, 
li
It can be shown (deBoer and Bird 195 )^ that in 
the classical limit the quantum mechanical phase shift 
is equal to half the classical angle of deflection,
Z +1 . Jl(D 2i . e. n 2-75
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When ft is large can be regarded as function of a
continuous variable and the difference in phase shifts 
can be written
3 (& ) = n( ft) - n ( ft+1) = - 2.76
and from 2-75, ß U )  = - f
Since b = (ft + -§-)/k, ß(t) may be written
ß(b)=-i^. 2.77
Because the phase shifts can be regarded as a function 
of a continuous variable i , the momentum transfer cross 
section as given in equation 2.72 can be rewritten as
Q (1) 2 7T
6
00
4 tt
t)
(l - cos2ß(b))bdb 
sin'"' ß( b) bdb 2.78
It now remains to evaluate the phase shifts. This 
be done using the Jeffrey's approximation with the 
modification of Langer (1937) in which z(z + l) is 
replaced by (& + -§-) . Thus
00 00
2yV(R ) _ (ft + i)2
2 2 JR
(ft + i )
R2
2
can
] dR
2.79
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The lower limits in equation 2*79 are the outermost 
zeros of the respective integrands. The Jeffrey’s 
approximation is most accurate for large phase shifts 
but it may be used to give good results for phase 
shifts as low as 0.2 radian (Mott and Massey 19^9)*
McDowell and Catlow (private communication) have 
developed a method of deriving the interaction 
potential by evaluating the phase shifts directly 
from equation 2.79 using a high speed computer.
However because in general it is impossible to evaluate 
equation 2*79 analytically the following method was 
developed before such aids to involved numerical 
calculations were available. Massey and Mohr (l93^+) 
have shown that for large values of £ 2-79 may be 
approximated by
n
£
00
m  [ V (R )dR 2.80
which on change of variable from £ to b using 2.76 
becomes
n(b)
00
- k  r
2U J
b
V(R) dR 2.81
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2where U = \ ug is the relative kinetic energy.
Equation 2.81 can be evaluated for most forms of 
v (r ) encountered. For example if v (r ) = CR n where C 
is a constant and n a positive integer, then 2.81 
becomes
d b ) = n i  f(n) 2.82b
where f(2) ~  ^(3) = 1  and
f(n) = .... 2 (n > 2 ^  6Ven)
= feüife-fe'/M rf (n > 3 311(1 odd)
When v (r ) = Cexp(-^R),^ being a constant 2.81
gives
n (b) = =%bKx(5b) 2.83
where is a first order modified Bessel function of 
the second kind.
The calculation of ß(b) can now be continued. This,
however, is not without complication due to the existence
2of orbiting collisions which cause sin 3(b) in equation 
2.78 to oscillate rapidly between zero and one*
For any particular energy there is a critical
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value of the impact parameter, b , such that for values 
of b <_ , orbiting collisions occur while no orbiting
occurs when b > b^. This oscillation of the integrand 
of equation 2.78 over the range of b where orbiting 
occurs makes the evaluation of difficult. In
order to overcome this problem equation 2.78 may be 
rewritten as,
Q^1) = 47TL-J- ! bdb + I bsin^ ß(b)dbj 2.84
J J
°  , Vb*
where b has been arbitrarily chosen. Dalgamo ,
McDowell and Williams have chosen b as the largest
value of the impact parameter for which sin 3(b) = 1,
2and for 0 <_ b <_ b sin ß(t>) has been replaced by its 
average value of Thus the final form for the momentum
transfer cross section is
= -rrb + 4 Tr I sin^ß(b)bdb 2.85
Details of the use of equation 2.85) the method of 
computation, and the errors involved, are discussed in 
section 3*3* The other velocity dependent cross 
sections which are required in the calculation of 
may be treated in the same way and expressions 
corresponding to equation 2.85 obtained.
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Having obtained Qv the zero field mobility may 
be calculated using the method of Chapman and Enskog 
as described in section 2.4.2.
2.4.4 The theories of Langevin.
Langevin (1903) pioneered ionic mobility theories 
with his simple constant mean free path theory. The 
ions and gas molecules were considered to be hard 
elastic spheres of equal mass, their only distinguishing 
feature being the charge on the ion. However the 
assumptions upon which this theory was based were 
unrealistic and poor agreement with experiment was 
obtained. Subsequently Langevin revised his 
assumptions and in 1905 obtained a formula for the 
ionic mobility using the momentum transfer method 
developed by Maxwell.
The 1905 theory took account of the polarisation 
force between the ion and the molecule together with 
hard sphere repulsion, the interaction potential 
assumed being
v (r ) 00 for R 2.86
for R >R
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where corresponds to the radius of the gas molecule
The mobility was given by
i_
K = o
AU) m + m
V' p(Ke-l)
b 2 2.87
where p is the gas density, the dielectric constant
of the gas and A is a function of a parameter X, 
defined as
8 ttp r 12
(Ke-l)e
2.88
In equation 2.88 p is the gas pressure and R.^  ^he sum 
of the radii of the ion and the molecule. The value 
of X is a measure of the relative importance of 
elastic sphere and polarisation scattering and gives 
rise to two forms of equation 2.87*
Firstly when X is very large, corresponding to 
the case when the polarisation force is negligible, the 
ions and molecules may be regarded as hard elastic 
spheres and equation 2.87 becomes.
0■ 7 5e ,m+ml T  
12 /8 ^p
:) 2.89
which is known as the elastic sphere limit.
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On the other hand when X tends to zero and the 
polarisation force predominates equation 2.87 becomes
0.9048 ,m+ml ^  i 1 K  = ---£----  f2 TT mm )' ± —’ N /~T 2.90
Equation 2.90 is termed the polarisation limit.
Equation 2.90 corresponds to equation 2 .36 of 
Kihara’s theory when the polarisation interaction is 
dominant.
Although the interaction potential (equation 2 .83) 
has a very simple form the mobility given by 2.90 gives 
reasonable agreement with experimental data in those 
conditions where the polarisation force is likely to 
be dominant.
In an attempt to improve Langevin’s expressions 
for the zero field mobility Hasse and Cook (l93l) 
replaced the concept of polarisable elastic spheres 
by point centres of force, the interaction potential 
taking the form
V(R) = 
R^ R
However although the hard sphere repulsion of 
Langevin’s theory is too hard the inverse eighth power 
repulsion is too soft and Hasse and Cook’s calculation
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did not result in a significant improvement on 
Langevin's expressions. It seems that an inverse 
twelfth power repulsion as used by Mason and Schamp, 
equation 2.66, intermediate between hard sphere 
repulsion and inverse eighth power repulsion is more 
realistic.
2«5 Mobility at high electric field strengths - the 
theory of Wannier.
Wannier (l951> 1952) has attempted to solve the
Boltzmann equation under conditions of high electric 
field strength. However he found it impossible to 
derive an expression for the mobility for a general 
interaction potential and instead resorted to 
solutions that apply to specific models.
The Boltzmann equation as used by Wannier may be 
written
eE j£ 
m 7p  f[ I [M(c')f(c« ) - 4 TT J J J 1
]gö(g)n(x ) sinXdXdedc^ 2.91
where M(_c^ ) = ^ 1(^0 ) and. c( g) is the total elastic
scattering cross section for the ions and the molecules
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and n(x) i-s the probability of* scattering per unit 
solid angle.
At high electric field strengths the energy 
imparted to the ions by the field is so great that in 
comparison the thermal energy of the gas molecules may 
be regarded as negligible. The distribution functions 
of the gas molecules may therefore be replaced by a 
delta function 6(_c ) at the origin. If this 
replacement is made the high field distribution function, 
h(_c) , will be obtained as a solution of the limiting 
form of equation 2 -91> i.e.
eE
m
3h(_c) h ( c) 6 (c»)h(c ') 1t ( c * )sin xd xd. edc.
2.92
where i( c ) = — is the mean free time.
v — ' Nag
An indication of how the drift velocity varies with 
E/N for particular models can be gained from a 
dimensional analysis of 2.91* The only variables on 
the right hand side of 2.91 that involve dimensional 
variables appear under the integral sign and are g and 
a( g) • Assuming then that
a( g)g n r 2.93
where n and T are constants. If equation 2-93 is 
substituted into 2.88 then eE/m, N and r occur only 
in the combination
eE T 
mN
and the quantity
_1
2- n
has the dimensions of g, that is of velocity. Thus the 
combination 2.93 controls all velocity averages and 
moreover the drift velocity can be written as
1
< w > =  const.(^|)2“ n 2.9k
This relation will now be used to discuss the 
dependence of mobility on E / N .
Dependence of the mobility on E / N .
(l) Hard sphere repulsion or constant mean free path.
For this model n 0 and
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where the mean free path A is given by
A = —N o
Thus for constant mean free path the drift velocity 
varies directly as the square root of the field strength 
or the mobility varies inversely as the square root of 
the field strength.
(2) Maxwellian model or constant mean free time x(_c). 
For this model n = 1 and
<w > = const. (^ ) T. 2.96
This means that for this model the drift velocity is 
proportional to the field strength or the mobility is 
independent of the field strength. This result 
exhibits the same variation with E as does equation 
2.21 obtained for the same model under low field 
c onditions.
The first step in obtaining the mobility from 
equation 2-91 is to resolve h(_c) into spherical 
harmonics about the field direction by means of Legendre 
polynominals Pv(cosy),
00
h(_c) = E h (c)P vcos (y) 
v = o
where y is the angle between c and the direction of the
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electric field. In this manner the Boltzmann equation 
cam be expressed as a system of relations between 
velocity averages.
Maxwellian model.
From this linear algebraic system it is possible 
to develop a recurrence method by which an expression 
for the mobility may be obtained,
J 0 .90^8 fm+mlv 2 1 
~ 2 'mm^ N 7 a 2.97
This relation is identical to equation 2.90 for the 
polarisation limit of Langevin's theory. Thus the 
tentative conclusion that could be drawn from the 
dimensional analysis is now confirmed, namely that for 
the Maxwellian model equation 2-97 is exact at both 
high and low field strengths. This also agrees with 
equation 2.21 of Kihara’s theory which demonstrated 
that for the Maxwellian model the mobility was 
independent of the field strength.
Hard elastic sphere model.
For the case of constant mean free path no such 
general result as equation 2.97 can be obtained because
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it is impossible to develop a recurrence method from 
the system of relations between velocity averages. 
However a computational procedure can be developed if 
the ion and the gas molecule are assumed to have equal 
masses. Then by specific numerical calculations 
Wannier derives the following expression for the 
mobility:
i
K = 1. l47(— |—)2xmEN a7
Although this is not a generally applicable formula 
and suffers from the disadvantage of including the 
total collision cross section it does confirm the 
relation between drift velocity and field strength of 
equation 2.95 •
Although the formulae obtained for the high field 
case are not as generally applicable as those for the 
low field case they can be used to determine whether 
hard sphere repulsion or polarisation attraction is 
the dominant term in the interaction potential.
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CHAPTER 3
DERIVATION OF THE INTERACTION POTENTIALS
The derivation of the interaction potential entails 
comparing the measured mobility with theoretically 
calculated values. The interaction potential enters 
this calculation only through the angle of deflection in 
the binary ion-molecule collision. Therefore to perform 
this derivation it is necessary that the nature of binary 
collisions be understood and for this reason a preliminary 
discussion of binary collisions is given in this chapter 
with particular attention paid to the phenomenon of 
orbiting collisions. The discussion is then extended 
to the methods of Mason and Schamp and Dalgarno, McDowell 
and Williams for determining the interaction potential 
from the mobility.
3.1 Mechanics of a binary collision
An elastic binary collision in which the interaction 
is spherically symmetrical is dynamically equivalent 
to the motion of a single particle of reduced mass p 
moving about a fixed centre of force (Holt and Haskell 
1963). The equivalent two dimensional encounter about a
scattering centre is shown in figure 3*1-
figure 3.1
Motion of a particle in a spherically symmetric 
force field.
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The kinetic energy, K.E., of this particle which 
is at position (R,0) in the centre of mass co-ordinate 
system is
K.E. = iu (R + R 0 )
and the angular momentum J is
j = u r 2 e 3.2
The total energy of the two particles at any
separation R is the sum of the kinetic energy and the
interaction potential. At sufficiently large spacings
before the collision the interaction potential will be
1 2zero and the total energy will be equal to ^qg . Since 
energy is conserved the total energy before the collision 
can be equated to the energy at any spacing during the 
collision, i .e .
iug = im(R + r 9 ) + v (r ) 3*3
Similarly at sufficiently large spacings before the 
collision the angular momentum J is given by
J = |j.bg 3 • ^
and since angular momentum is conserved 3*2 and may
be equated
2 ’U.R 0 = ubg 3 * 5
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The angle 0 may be eliminated from 3*3 using 3*5 with 
the result,
2
yug = yuR + (“ö") + v (r ) 3• 6
R
From equation 3.6 it is seen that the two-dimensional 
binary collision has been further reduced to the one­
dimensional problem of a single particle of mass p with 
total energy ^ug^ moving in an effective potential 
energy field V (r ) given by,
Veff(R ) = V (R ) + iug2 (~)
2
= v (r ) + U? 3-7
R
The last term of 3*7 is called the centrifugal potential 
and U is the relative kinetic energy as defined in 
section 2.4.3«
3 .1 .1 . The distance of closest approach
When the particle of reduced mass p is at its distance
of closest approach to the scattering centre the values
of R and 0 are denoted by R^ and 0 (fig. 3-1 )• The
dRcondition for closest apprach is -j^- = 0.
Since
dR R
--- — Td0 ; 3-8
and as q cannot be infinite then the condition for
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closest approach is also that R = 0. Using this
condition equation 3-7 shows that the point of closest 
approach corresponds to the turning point in the one 
dimensional case and occurs when the effective potential 
energy is equal to the total energy. Thus for any 
interaction potential the distance of closest approach 
can be found from the equation,
3.1.2 The angle of deflection
From figure 3*1 the angle of deflection y is given 
by
However, X is more usefully expressed as a function of 
b and g. From equation 3*6
1 h2 U RC ) 3-9
X = TT - 2 ©
R = - g(l - \  
R
3.10
and from 3•5
bg
20 3.11
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Substituting 3*10 and 3*11 into 3*8 gives
dR
d e bf. _ V(R)\ 2 . 2 ' R idg
3.12
where the negative sign is chosen since R decreases as 0 
increases for an incoming trajectory. Solving 3*12 for 
d9 gives
d0 -(b/R2 )dR_____________
(! - b2/R2 - V(R)/iug2 r
from which
©  =
©
d0
o
R p
C ___________(b/R" )dR_______
(1 - b2/R2 - V(R)/iug2 )?
CO
so that the angle of deflection is finally given as
f pX (b,g) = tt - 2b j _________ dR/R_____________ ^ 3-13
(1 - b2 /R2 - V(R)/i|Jg2 y  
R c
3.1.3 Orbiting collisions
The calculation of X from equation 3*13 is 
complicated by the fact that for some collisions that 
occur at less than a critical value of the total energy
the ion and the gas molecule may spiral around each other
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for a large number of revolutions. Such spiralling 
collisions are usually referred to as orbiting collisions 
and this convention will be followed in this discussion. 
However true orbiting collisions occur only when the 
angle of deflection tends to minus infinity. During 
the spiralling collision the two particles are not 
chemically bound but separate in due course of their 
own accord without the influence of a third body.
Orbiting collisons make a small but significant 
contribution to the transport properties of the system 
and must be considered in any calculation of the mobility.
The onset of orbiting collisions is governed by the 
effective potential, equation 3*7» and to illustrate 
this a number of effective potential curves are shown in 
figure 3*2. These curves have been calculated using 
an interaction potential of the form used by Mason and 
Schamp (1958). The particular value used here is given by
V(r ) = 0.015Ll.25(-25 r ^)12 - (-3---T 4)6- 2.25(^^d)4]e
2Each curve is for a different value of the product Ub . 
From figure 3*2 it can be seen that some of these curves 
contain a maximum and a minimum. The maxima being due 
to the contribution of the centrifugal potential to the 
effective potential. It is when the total energy of the 
incoming particle is approximately equal to the height
v .
u t /  
a: 2.513 
b. 0.525 
c: 0.468 
d: 0.420 
e: 0.3 5 7 
f: 0.286
R (Angstroms) 
Fig. 3.2
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of the maximum in the effective potential curve that
orbiting collisions occur. Figure 3*2 shows that there
exists a critical value of Ub , (Ub ) (in this case
equal to 0.468) above which no maximum occurs in the
effective potential curves. Corresponding to (Ub
there is a critical energy U , equal in this case to
0.015 e.v.. The nature of the collision depends on
whether U is greater than, equal to or less than U .
These three cases are now discussed in turn.
(l) U > U .c
If the total energy of the particle is greater than 
then for all values of the impact parameter the height 
of the maximum, if it exists, will be less than the total 
energy. The particle will continue to move towards the 
scattering centre until equation 3*9 is satisfied which 
will be at a distance of closest approach less than the 
value of R corresponding to the maximum in the appropriate 
effective potential curve.
(2 ) U < U .c
When the total energy is less than then for any 
combination of U and b the corresponding curve for the 
effective potential will always possess a maximum.
Consider the relative kinetic energy to be fixed and let
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the impact parameter vary from an infinite value to zero. 
The variation of the angle of deflection with impact 
parameter is shown in figure 3 * 3 * For infinite values 
of the impact parameter there will be no interaction with 
the scattering centre and the angle of deflection will 
be zero. As b is decreased, the height of the maximum 
in the effective potential curve is lowered and the 
distance of closest approach of the particle to the 
scattering centre decreases. However as the angular 
momentum (as given by equation 3-2) remains constant as 
R is decreased Q must increase and thus © increases.
With further decrease in b the value of the relative 
kinetic energy begins to approach the maximum in the 
effective potential curves and as 0 is now becoming 
large, the particle begins to spiral around the scattering 
centre as R approaches R ^ . This continues until R is 
such that equation 3*9 is satisfied, R = 0, and the 
particle then begins to spiral out and away from the 
scattering centre. When the impact parameter is equal 
to bQ the total energy of the particle is equal to the 
height of the maximum. The particle then makes an infinite 
number of orbits about the scattering centre, the spiral 
tending towards a circular orbit with a distance of
X
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d o s e s t  approach R  ^ and an angle of deflection tending 
to minus infinity.
Figure 3*3 illustrates the case just described in
which the total energy equals the energy corresponding
to the maximum of the effective potential curve. The
distance of closest approach R is also shown in theco
figure. However it can be seen from figure 3*3 that
there exists another value R, R , at which the effectivecl
potential energy is equal to the total energy. Therefore
R^j will also be a real root of equation 3*9 and will be
a distance of closest approach. Thus when b = bQ there
are two values of the distance of closest approach
R , and R cl co
For values of b just less than bQ the total energy
of the particle will be slightly greater than the
height of the maximum in the appropriate effective
potential curve. Under these conditions the particle
will spiral slowly about the scattering centre in the
vicinity of the effective potential maximum and then as
R decreases Rwill increase and the particle rapidly
spiral in towards the scattering centre until at a distance
of closest approach just less than R _ , R = 0 and thec 1
particle spirals out from the scattering centre. Thus
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as b is decreased towards zero the distance of closest
approach is discontinuous for b = b . Values of the
distance of closest approach cannot therefore exist
between R and R n, and the angles of deflection are co cl D
imaginary for R < R < Rcl = c= co
As b decreases towards zero from b the angle ofo
deflection steadily increases until when b = 0, 
corresponding to a head on collision, the angle of 
deflection has the value tt .
(3) U = Uc .
When the total energy is equal to the particle
again performs orbiting collisions for values of the
impact parameter in the vicinity of bQ . However when
b = b , R _ and R are equal. o cl co
3.2 Calculation of the interaction potential by the 
method of Mason and Schamp
The algebraic form of the interaction potential 
assumed in this method has the form (section 2.3.1)
V(R) = f  L ( l  + y ) ( ^ ) 12 - 4 (J2)6 - 3 (1 - y)(5 e)4 ] 3.14
The unspecified potential parameters e,Y and R^ can 
either be calculated from the variation of the zero 
field mobility with temperature or from the variation of
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of the mobility with E/N. Although measurements of 
zero field mobility as a function of temperature have 
been made in this investigation, the interaction potential 
has been calculated from the variation of mobility with 
E/N. Either of these two methods requires that values 
of the collision integrals as functions of the potential 
parameters be calculated and the details of these 
calculations will now be discussed.
3.2.1 Derivation of the collision integrals
The method used to calculate the collision integrals 
follows that of Mason and Schamp (1958).
The first step is to evaluate the angle of 
deflection X from equation 3 • 1 3 by numerical integration. 
This integration, as well as subsequent integrations 
for  ^ and Q(x,n), is greatly simplified by the use
of dimensionless quantities and transformation to angular 
variables. These changes remove the singularity at 
R = in equation 3*13 and make all ranges of integration
finite instead of infinite. To this end the integration 
variable in equation 3*13 is changed from R to 0 by the 
substitution sin0 = R /R. The integration over the 
impact parameter in equation 2.5 for the collision cross 
sections is changed to integration over the distance of
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closest approach R (b) and then to the angular variable
Rc (b=0)
4) by the substitution costj) = —— rr—r  where for a givenc \ ^  /
initial velocity, (b = 0) is the distance of closest
approach in a head on collision (i.e. b = 0). Finally 
the integration over g in equation 2.32 for the collision
i 2 .integrals is changed by the substitution tana = -g-pg /£ 
where e is the potential parameter of equation 3*1^*
Making the change to angular variables and substituting 
equations 3*1^ and 3*9 into equation 3*13 results in the 
following expression for the angle of deflection,
X(<*, 9) 2b
TT/2
TT “ Li - 2L1 - d c°s $ 4 2
2y tana 6 2 y tana c
(1 + y )c o s 124' j, j-i e
12 5 J2 y t anac
3.13
where 9 £ sin^^Q
j=l
and
b
R
U ft
[■-, , 3(l -Y)cos 9 2cos 9l_r + +
2 y t ana c
6y tana c
(1 +Y)c o s 129
12 -I2 y t ana c
3.16
The quantity y^ appearing in equations 3-13 and 3*16
is the reduced distance of closest approach for a head
on collision, y = R (b = 0)/R . The value of y is c c m c
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found from equation 3 * 1 6 with b = 0 and cos 9= 1 and is 
a function only of the energy variable a and the 
potential parameter y.
For a chosen Y and OC the value of y was calculatedc
and the integration in equation 3 * 1 5  carried out numerically,
the integrand being evaluated at intervals of 9 = rr/120
for a series of values of 9. The values of CX were
chosen at intervals of 0.01 in the range 0.2 OL < 1.57
and the values of $ were taken at intervals of tt/120
for cc to 0.6 and at intervals of tt/ 7 2 for larger a.
In calculating X, allowance must be made for orbiting
collisions which occur when y tends to minus infinity.
The first step is to determine the value of d Q corresponding
to U of section 3*1*3* For a < a there are two distances c = o
of closest approach corresponding to b Q and the larger of
these, R , causes the integrand of equation 3*15 1° co
become infinite at 9 = tt/2. The value of R can therefore' co
be found by numerical solution of the equation,
, kyRm6 5 (1 * yK 12 = 0 3.171 K /f 1 p
2R tana R tana 2R tanaco co co
Actually the solution of 3*17 yields not R^^ but the ratio
R /R . This may be substituted into equation 3«l6 c o m
where cos$ /y = R /R and the value of b / R w found.c m co o' m
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The smaller distance of closest approach R also
satisfies equation 3*16 with b = b and may be foundo
if required. When CL = equations 3*17 will have
coincident roots equal to R and this fact allows CLco o
to be found. To determine a for a particular value of Yo
the value CC = 0.2 was substituted into equation 3 * 1 7  
which was then solved numerically yielding two roots, the 
larger being equal to R /R . These roots were theno x  c o  m
compared and depending on their difference the value of
OL was changed and equation 3*17 solved once again. This
iteration process was continued until coincident roots
were obtained and the corresponding value of a was then
equal to oc < In this manner (X could usually be found
after about six iterative steps. Having found CLq then
the corresponding value of b /R may be calculated fromo m
equation 3 *1 6 .
Before beginning to evaluate y for any value of Y
this procedure was always followed and the numerical
integration carried out only for values of a greater
than a . o
( T)Next the collision cross sections ' (g) were
evaluated. This calculation can be simplified by evaluating 
reduced collision cross sections, S^^(g), equal to 
Q^^(g) divided by the value of Q ^^(g) for rigid spheres
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of mutual diameter R as follows,m
S (t)(g) [l 1 + ( ~ l ) h ~l2(1 + T T J (l - cos^^)bdb 3.18
Thus the reduced cross sections S ^ ^ ( g )  are equal to 
unity for rigid spheres of diameter R^. On transferring 
to angular variables the expression for S ^ ^ ( g )  becomes,
S = 2[l 1 + (-1 )^  2(1 + O
o
coslx )[ bdbR dR m c
x sec 9 tan 9 d4> 3.19
where
b db
R dR m c
3(i -y)cos^cf> y sec(})- - — u----- i-C j2 y t anac
5(l + Y ) c o s 1
2 y ^ ^ tana c
4y c os ^ 9
5y tana c
3.20
Equation 3*19 is evaluated by numerical integration 
using the values of y calculated from equation 3*13 as 
a function of $ for a given a and y except near regions of 
orbiting where y tends to minus infinity (figure 3*3)• 
Numerical integration is not practical near regions of 
orbiting collisions for two reasons. Firstly, the integrand
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oscillates violently in such regions and secondly there
is a gap in the values of the variable 8 in which y is
imaginary. This gap corresponds to the physically
inaccessible region of closest approach between R ^  and
R I. For energies in the range a = a Q where there exists
the possibility of orbiting collisions, the region of
integration was divided up as shown in figure 3*3* In
the region A the values of X were calculated from equation
3.15 using the method already described. The value of <j)
being increased until the value of y lay between -1 and
-tt/2. This was then the value of y  shown in figure 3-3
and corresponded to a value of just less than R .
The contribution to S ^   ^(a ) , S ^  ^ (a ) , was then evaluated
from equation 3*19 using the appropriate limits.
Similarly the value y corresponding to R just greatert c
than R was found and the contribution S ^ ^ ^ ( a )  to co D
 ^(a ) from region D found from equation 3*19* In the 
regions B and C the small contributions to S ^ ^ ( a  ) from 
orbiting collisions were found by curve fitting the X 
versus b/R^ curve with an equation of the form (Hirsch­
felder, Bird and Spotz 19^+8)
2
X 2
ß 3 o
a
2 3.21
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Here a is a constant and ß = b/R^ and ß^ =
Using 3-21 equation 3*18 is then integrated analytically 
between the limits y to - “ to calculate the contribution 
SB  ^^  ( Ct) and between - » to to calculate ^  (cc ) • The 
equations obtained alter integration for Sg^^(o_) are
SB ((a)=(ßo2 - ßß2)[l - COS XB + ^BSin%  - ^B2ci ('XB b.
SB(2)(Ct) = h (ßQ2 ' ßB2)b  - cos2 >CB + 2XBsin2XB -
4x b C i ■ ~2x b tl >
sB(3^(a) = i(eo2 - ßB~)[> - cos3xB + 3XBsin3xB - 9^ B2ci(-3XB)
2
- 3c osXb + 3XBsinxB - 3xB ^(-Xg)],
Sß (4)(a) = § 2 ^ 02 ~ " c o s 4^b + 4^BSin4)(B ' l6XB2ci^"4)(B^
- 4c o s2x b + 8yBsin2 ß - l ö y ^ C ± (-2xß ) ] ,
and
SB (5)(a) = 32 <eo2 - PB2> ^32 - 2cos5XB + 10xBsin5XB
-5°XB2ci(-5xB ) - 10cos3x b + 30xBsin3XB 
90yB Ci^~^xB^ " 6c°sXb + 5xBsin -^B “ 5Xß C±(-xB) j
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The function C . (-y ) is the cosine integral defined as i B
follows :
z
c.(z) = f S2S1 at1 V ' \ t
00
and is a tabulated function. The corresponding equations
for  ^  ^( a) have the same form as those for Sg^^(ct)
2 2 2 2 except that (ß^ - ß^ ) is replaced by (ß^ - ßQ ) and
^ by X . Thus for a < a
s^)(a) = sA ^^(a) + sB ^^(a) + sc ^^(a) + sD^(a).
The final numerical integration for the collision 
integrals can now be carried out. Rather than use 
equation 2.32 once again it is more convenient to work 
with reduced collision integrals, Q(^,n), defined as 
q ( T,n) divided by the corresponding q (y,n) for rigid 
spheres of mutual diameter R . On transorming to angular
*  / Xvariables the following expression for q (£,n) is obtained 
Q (f>n ) (T ) = [ (n+1) ! (T )n+2 J 1 I" exp(-tanCt/T )tann+1a
o
x sec2aS ^  ^ (a)da 3.22
* kTwhere T = — • is a dimensionless temperature. At eachG
value of Ythe collision integrals were calculated for a 
range of T and for ( = 1 (l) 3 and n = 1 (l) 3-
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The values of (ot) in the limit as a ---- 0 were
calculated using the formulae given by Mason and Schamp
(1958) :
S U ) (a) = 2 .707
S (2 \a ) = 2 . 830
S O  ) (a ) - 3 . 063
s ( 4 ) ( a ) = 3 . 043
S (5)(a) - 3 .291
[  (1 ~  Y ) / 1a n a  ]  2
[(l -Y)/tana]2
[ (l - Y)/tana ]2 
[ (1 - Y ) /1 anCt ] 2
[(1 - Y ) / t a n a  J  2 .
The numerical integration in equation 3*22 was performed 
using increments in a of 0.005. As S ^ ^  (& ) was calculated 
for increments in a of 0.01 the intermediate values were 
found by linear interpolation.
The complete calculation was carried out on an IBM 
36O/5O computer and its accuracy checked by setting
(p )S = 1, the rigid sphere limit, for which all the values
of q should be unity. When this was done it
*  , Xwas found that q (£,n) deviated from unity by less than
*0.1% over most of the range of T . For n = 4 and n = 5
. *errors as large as 'y/o occurred for T greater than 10 
but these values are relatively unimportant. If collision
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*integrals corresponding to such large values of T were 
needed then this error could be reduced by decreasing 
the incremental value of a in the numerical integration 
in equation 3*22. Mason and Schamp (1958) tabulate 
values of Q (^,n) for y = 0 9 0.25 and 0.5 and claim 
an error over most of the range of T of 0.2%. The 
present calculations with the exception of Q*(2,n) 
agreed with these tabulations to better than 1% for
* jvalue of T less than 0.2 and better than 0.1% for
-X-higher values of T . The values of q (2,n) were in 
worse agreement being 6% higher at T equal to 0.1.
However this difference decreased as T increased, being
. * . * only 1% higher at T =0.4. This uncertainty in q (2,n)
*  /  vis not of great importance as terms containing q (2,n)
make a second order contribution to the mobility.
These differences are attributed to the different values
for the collision cross sections obtained to Mason and
Schamp over the range of the energy variable cl < a= o
3.2.2 Derivation of the interaction potential
The expression for the mobility given in equation 
2.6o is not in a form readily applicable for the 
calculation of the variation of mobility with E/N. 
However the ratio f/a (l) can be written in terms of 
E/N as
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rnry= °-0208 K h  (t)4e/noo 3.23
where i_K 0 J^ is the first approximation to the reduced
-1 2 -1zero field mobility in units of volt cm sec , m is
in grams, T in degrees Kelvin and the ratio E/N in
2units of volt cm „ Making use of this expression for 
6/aQ^(l) equation 2.60 can be rewritten as
[<Q ]1[g0 ♦ gfo.0208 (2 )^L<0 ]x )2 (E/N)2
+ g2 (0.0208 (2)^L K0 f  )4(e/N)4  ^ 3 ‘2f*
which is a more useful form for comparison with experiment.
The interaction potential enters equation 3*24 
through the coefficients gQ , g^ and g^ .
The first step in the determination of gQ , g^ and 
g^ is to curve fit the experimental data with a curve of 
the form
K = x + y (e /N)2 + Z(E/N)4 3.23
where X, Y and Z are constants and in particular
X = Lk A v  3.26
the reduced zero field mobility. However the range of
E/N over which the curve fit is carried out must satisfy
the convergence conditions of section 2.3*2. Therefore
in curve fitting the experimental data to equation 3*23
2the ratio of the second to first term, Y(e /N) /X , was
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calculated at each value of E/N. When this ratio 
exceeded 1.10, indicating that the second term of 
equation 3*25 was as large as 10$ of the first term;, 
the range of E/N was terminated. The curve fit was 
then repeated within this range of E/N.
From equation 3 *2 4 ., 3 * 2 3 and 3 * 2 6 the following
expressions can be derived,
(0 .0 2 0 8 ) mg^
3 . 2 7
and
Z
2YX
(O.0208)"mg2
~ Z  2
Tgo gl
3.28
The left hand sides of equations 3 * 2 7 and 3 * 2 8  are 
combinations of the coefficients of equation 3*25 and 
are therefore obtainable from the curve fit. The 
right hand sides of equations 3*27 and 3 * 2 8 can be 
calculated theoretically using equations 2.6l to 2.63 
for each value of Y for which tables of collision
integrals are held in the computer. The collision
(. )integrals enter this calculation through the a^^ v/u ' 
the required expressions for which are listed in Mason 
and Schamp (1 9 3 8 ). A comparison can then be made 
between the calculated right hand sides of equations 
3.27 and 3*28 and the experimentally derived left hand
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sides and the value of Y and T found for which best 
agreement is obtained. Using the gas temperature at 
which the experimental measurements were made the 
potential parameter e can be found from the relation
T* - —
0
Finally can be calculated from the equation (Mason
and Schamp 1958)
3eRm4 (l - y)  = e2a 3.29
-4which expresses the fact that the R term of equation 
3*15 represents a pure polarisation interaction. In 
equation 3-29 a is the polarisability of the gas and 
can be obtained from published values.
The interaction potential determined in this manner 
was then checked by calculating from it the variation 
of K with E/N. If the calculated curve of K versus E/N 
is shallower than the experimental curve the contribution 
to the interaction potential due to polarisation needs 
to be reduced and a larger value of Y used. If the 
value of the reduced zero field mobility is too low a 
higher value of T is needed. Collision integrals 
corresponding to new choices of Y and T are calculated 
and the comparison repeated. When satisfactory agreement 
between the calculated and experimental curves has been
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obtained a final check is made by calculating the 
reduced zero field mobilities corresponding to those 
temperatures at which other sets of measurements have 
been made from equation 2.36 written in the form
3e
i6n (■ITkT,
1_
-2 ) 2 * / v
b  n (1.1) 3.30
3.3 Derivation of the interaction potential by the 
method of Dalgarno, McDowell and Williams
It should be noted, as has already been stated in 
section 2.4.3» that the method of Dalgarno, McDowell and 
Williams was developed before high speed computer 
facilities were available. To avoid lengthy numerical 
calculations a number of approximations were used and as 
a result a number of errors introduced.
This method like the preceding one begins with the 
calculation of the angle of deflection using an assumed 
form for the interaction potential. The reduced zero 
field mobility is then calculated by the method of Chapman 
and Enskog for a range of gas temperatures. A comparison 
of these values with those found experimentally enables 
the interaction potential to be derived.
io4
The algebraic form of the interaction potential assumed 
by Dalgarno, McDowell and Williams (1958) has the form
V(r ) = Aexp(-§R) - B/R^ 3*31
The general procedure used has been outlined in section
2.4.3. The units of V(r ) are Rydbergs and R has units
of a , where a is the Bohr radius and is equal to 0.528 0 0
angs t roms .
The contributions to the phase shifts from each 
term of 3*31 may be found using the Massey-Mohr 
approximations given by equations 2.82 and 2 .83. The 
function f3(b) which is representative of the angle of 
deflection can be found from equation 2.77 and is
ß(t>) = LA§bKo(|b) - 3ttB/4i3  ] 3-32
The function KQ (^b) in the above equation is a zero-order 
modified Bessel function of the second kind.
Next follows the calculation of the momentum transfer 
cross section and this consists of the following steps:
(l) Using equation 3*32 the value of b , the largest
2value of b for which sin ß(b) = 1, is found. This value
Hr ^of b , denoted by b^ , is then used in equation 2.85 
to calculate the momentum transfer cross section. However 
the function ß(b) is not that given by equation 3*32 from 
which b^ was calculated but instead that for a polarisation
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interaction, i.e. 3*31 is replaced by V( r ) = - BR 4 0 
Thus from 2.82 and 2.77 equation 2.85 takes the form
( i ) *2Qn v = b, + 4tt1 1
4
bsin2 (^IL2-)db 3-33
b* 8b4
4 -Bwhere q = —— .
This can be evaluated in terms of the Fresnel integral
x 0
S (x) = sin (i1--— )dt
and is given by
(1 ) * 2
1
4
Q1 v ^  7 = TTb , c o s ( ^ )  + rrq2 (j) 2S LqX (^)2/b ].2 (1 1 3-34
4b
—B(2 ) Next ß(b) corresponding to V(r ) = — j- is found and
* Rhence the value of b , denoted this time by b From
* (l)3.33 and using b^ is found and this represents
the momentum transfer cross section for a polarisation 
interac tion.
(3 ) The momentum transfer cross section, Q is found
from the exact expression of Langevin (1905) and Hasse 
(1926) for a polarisation interaction, namely
Q
where the units of Q
(1 )
3
(1)
2.210 nq 
2
3 are a
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(4) The ratio C = Q  ^ ^/Q  ^^  ^ is then formed and this
J
is indicative of the error in Q g ^ ^  due to the various 
approximations made in the calculation.
(5 ) Finally the value of the momentum transfer cross 
section is stated to be found from
CQ1(1 )
and the reduced zero field mobility can then be found 
using the method of Chapman and Enskog, section 2.4.1.
It is difficult to see the justification in 
computing the momentum transfer cross section using 
equation 3*33 which is for a polarisation interaction.
A more correct approach would appear to be to use equation 
2.85 directly with both ß(b) and b being found for 
the more general interaction potential 3*31* A 
numerical method carried out on a computer has been 
used to calculate in this manner in the present
derivation of the interaction potential from the variation 
of the zero field mobility with temperature.
3 . 3» 1 Choice of b*
If the momentum transfer cross section is to be
calculated from equation 2.85 then ideally it should be
x- x-independent of the choice of b for values of b in the
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oscillating region of sin ß(b). To illustrate the
errors that may be incurred in the choice of b Dalgarno,
McDowell and Williams have used equation 3*33 to plot 
(1 ) 2the quantity Q //rrq versus \ where the quantity \
is defined by
b ( )
1/4
This plot, which is independent of U the total energy, 
is shown in figure 3*4 and illustrates the variation in
the value of the momentum transfer cross section with
*choice of b , increasing \ corresponding to decreasing
* ,b . From figure 3*4 if can be seen that if \ is chosen
equal to 0.3 corresponding to b 3 q the error in Q (i)
is approximately 15$ while if X. is chosen equal to 0.9
* (l )corresponding to b = 0.9q the error in Q is less
. * than 2%. Unfortunately for this latter choice of b
the Massey-Mohr approximation to the phase shift is
becoming inaccurate. From equation 2.82 the Massey-
Mohr approximation to the phase shift r| (£ ) for a
polarisation interaction of the form of equation 2.86
is given by
r\ ( l )
4,nq k
3 3-33
0 1 2 A
figure 3.4
3 4
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where k is the wave number of relative motion as defined 
in section 2.4.3. Evaluating equation 2.79» the 
Jeffrey’s approximation, for the same interaction 
potential (Dalgarno, McDowell and Williams 1958) gives 
the result
Thus the Massey-Mohr approximation, equation 3-35* is 
an accurate approximation to the phase shift only 
provided b is large compared to q. There are, therefore, 
two somewhat conflicting conditions to satisfy; b 
should be chosen small enough that the error incurred in 
the calculation of due to the oscillating region
of sin ß(b) is small yet large enough that the Massey- 
Mohr approximation to the phase shifts is accurate. 
Nevertheless if b is chosen equal to 0.9q the error 
incurred in the calculation of due to the Massey-Mohr
approximation will be small as in performing the integration 
in equation 2.83 b will be much larger than q over most of 
the range of integration.
As a check on the accuracy of the numerical methods
/ \
used in the present method of evaluating Qy y the 
variation shown in figure 3*^ was calculated and found 
to agree identically with the analytical calculation of
Dalgarno, McDowell and Williams.
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CHAPTER 4
APPARATUS AND EXPERIMENTAL TECHNIQUES
The apparatus is shown schematically in figure 4.1 
and in detailed cross section in figure 4.2. The general 
principle of operation and the advantages of this 
particular design have been discussed in section 1.5*
The construction and operation of the three sections, the 
drift velocity section containing the electrode system, 
the transition section and the analyser section which 
contains the mass spectrometer, will now be described in 
detail.
4.1 The electrode system.
The electrode system is shown in figure 4.3*
4.1.1 The electrical shutters.
Four electrical shutters are contained within the 
electrode system. Shutters AB and EF (figure 4.3) consist 
of two closely adjacent planes of wires while shutters 
C and D have a single plane only. The single plane 
shutters were similar in design to those used by Bradbury 
and Nielsen (section 1.2.2). The double shutters AB and 
EF have alternate wires connected together to form a
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shutter of the Bradbury-Nielsen type while the upper plane 
in each case has all wires connected together. If the 
leads of each of the lower planes of shutters AB and DE 
were connected together the shutters could be used as part 
of a 'four-gauze' Tyndall-Powell shutter system(section 
1 .2 .1). The Tyndall-Powell type shutters appear to be 
more efficient, especially at high values of E/N, than 
the Bradbury-Nielsen type as the ion stream interacts 
with a longitudinal rather than transverse electric 
field (Blevin and Hasan 1967).
The drift distances defined by the various combinations 
of Bradbury-Nielsen shutters are as follows
BF = 12.0 cm 
BD = 8.95 cm
BC = 5.99 cm
CD = 2.96 cm
DE = 3*06 cm
It was hoped to utilise these five drift distances to 
investigate the variation with drift distance of end 
effects associated with the shutters (Lowke 1962) and 
also to provide flexibility in a future investigation of 
clustering processes. However preliminary measurements 
showed that if a drift distance such as BD was used the
Ill
resulting value of the mobility was higher than that 
obtained using distances such as BC or CD. The presencce 
of what might be referred to as a quiescent shutter, in 
this case shutter C, held at the d.c. potential 
appropriate to its position in the electrode structure 
was found to increase the measured drift velocity of the 
ions. The magnitude of this effect increased as the 
pressure decreased being unobservable for K+ ions in 
hydrogen at a pressure of 3 torr and E/N of 12.1 Td 
while at a pressure of 0.4 torr and the same value of 
E/N the drift velocity measured over the drift distance 
BD was 0.8^ higher than that measured over BC. To avoid 
this source of error all mobility measurements were made 
over the drift distance BC.
Figure 4.4 shows the double shutter AB mounted in 
position. The shutter formers were annular sections 
cut from steatite blanks. In constructing the single 
plane shutters a slot 1 mm deep and 30 mm wide was 
machined out of the former with a high speed diamond 
grinding wheel to a depth of 1 mm and with an accuracy 
of better than ^0.03 mm. The double shutters had a 
second slot of the same width but 2 mm deep cut at right 
angles to the first. A jig was used to hold the nichrome 
shutter wires in position in the slots when the wires
The e lec tro d e  s tru c tu re  showing the double sh u tte r  AB
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were sealed into place by Pyro-Ceram cement (Corning 
Glass Works Pty. Ltd.). The shutter wires were gold 
coated to reduce contact potential differences between 
the wires of different shutters. The dimensions of the 
shutters were:
Outer diameter 
Inner diameter 
Thickness of former 
Wire diameter 
Wire separation 
Spacing between planes 
(double shutters only)
= 5*6 cm 
= 3*0 cm 
= 0.6 cm 
= 0.008 cm 
= 0.04 cm
of wire
= 0.1 c m .
4.1.2 Production of a uniform electric field.
The electrode system (figure 4.3) employs the thick 
cylindrical guard ring structure devised by Crompton, 
Elford and Gascoigne (1965). Although this form of guard 
ring structure produces a badly distorted field near the 
inner circumference of the electrodes it maintains a field 
of high uniformity over that region where the ion number 
density is significant. A thick guard ring structure has 
other advantages in that it can be constructed and 
aligned with high precision and provides an electrostatic 
screen for the drift space. It was not possible to
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maintain this method of construction in the vicinity of 
the shutters as the inner diameter of the shutter formers 
was less than that of the guard rings. The electrodes 
each side of a shutter were of the form shown in figure 
4.3 their shape being chosen by means of a field plot in 
order to ensure the minimum degree of field distortion.
The field uniformity was checked by using the electrode 
system to measure the drift velocity of electrons in 
hydrogen. The resulting measurements were in agreement 
to within 0.2^ with similar measurements taken in an 
electrode system consisting solely of thick cylindrical 
guard rings indicating that the effect of field distortion 
produced by the shutter guard electrodes was negligible.
The dimensions of the electrodes were:
Guard electrodes.
Outer diameter = 8.687 - 0.003 cm
Inner diameter = 4.953 -  0.003 cm
Thickness at inner circumference = 1.524 + 0 .003 cm
Gap between electrodes = 0.05 cm
The electrodes were held in position by accurately 
ground glass spacers and three ceramic tie rods as shown 
in figure 4.4. Ceramic rather than glass sheathed metal 
tie rods were chosen to reduce the possibility of electrical
ll4
breakdown occurring at the top electrode. The weight 
of the electrode structure was supported from the top 
electrode by copper 'feet' vacuum brazed to the bottom 
of each tie rod. The electrode structure was held 
rigidly together by domed nuts that screwed on to 
threaded sections of stainless steel attached to the top 
of each tie rod.
The assembled electrode structure is shown in figure 
4.5. The top electrode contains a central source hole 
0.318 cm in diameter. Loss of ion current by diffusion 
to the walls of the source hole was minimised by hollowing 
out the top electrode thereby making the walls of the 
hole as thin as possible. To reduce contact potential 
differences between electrodes all surfaces exposed to 
the ion stream were gold plated.
All leads with the exception of the copper 
thermocouple wires were of 0.015 cm diameter constantan 
wire and were spot welded to the conductors of the 
ceramic feedthroughs at the top of the drift section.
Fine wires were used for the leads to reduce the heat 
flow to the electrodes when the drift section was 
operated at low temperatures. Each lead was sheathed 
in a pyrex glass tube that fitted into slots in the 
circumference of the electrodes (figure 4.5)* The
The assem bled electrode s tru c tu re  
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leads were arranged around the circumference of the 
electrode system such that the potential difference 
between adjacent leads was a minimum.
The potentials for the electrodes were provided by 
a voltage divider and a John Fluke type 301 E d.c. power 
supply. All potentials were within 0. Vjo of their nominal 
values.
The electrode system was suspended from the eight 
inch diameter flange A at the top of the drift section 
by a glass tube (figure 4.2). Stainless steel 
mounting rings were attached to each end of this tube 
by Kovar to glass seals. As the walls of the drift 
section were of stainless steel the electrode system 
was surrounded by a Pyrex glass tube to prevent 
electrical discharges.
4.2 The ion source.
The ion source consisted of a potassium alumina 
silicate glass bead formed on a coil of 0.006 cm 
diameter tungsten wire which was supported in the manner 
shown in figure 4.2. The source was prepared by the 
method described by Blewett and Jones (1936) and the 
tungsten coil was heated by a highly stabilised 0 - 6  
volt d.c. continuously variable power supply. These
The m ass sp ec tro m ete r 
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sources, which can be prepared for all the alkali ions, 
can be made physically small and have a low operating 
temperature and thus a small heat disappation.
4.3 The mass spectrometer.
The quadrupole rod assembly of the mass spectrometer 
was located immediately behind the conical skimmer and 
housed within a stainless steel tube (figure 4.2 and 4.6). 
The quadrupole rod system was made from sections of 
centreless ground type 304 stainless steel rod selected 
for straightness. The rods were clamped against the 
edges of slots accurately machined on the inside of two 
annular sections of alumina (figure 4.7)* The dimensions 
of the rods were:
Length = 14.99 cm
Diameter = 0.792 cm
Field radius = 0.447 cm.
The tube assembly was supported by three stainless 
steel rods bolted to the underside of flange U (figure 
4.2). Spring washers were inserted between the base 
plate and the flange to prevent the assembly from being 
subjected to mechanical strain when inserted into the 
analyser section.
The quadrupole rod assem bly
F ig u re  4 .7
117
A 3*3 MHz signal variable in voltage from 0 to
approximately 1 k.V. R.M.S. was applied to each pair of
rods from an E.A.I. Quad 150 mass spectrometer power
supply with the signal to one pair of rods biased
positively with respect to earth and that to the other
pair negatively by an equal amount. A further signal due
to a fault in the power supply but having no effect on
the operation of the mass spectrometer was also found
5to be present in the form of an approximate 10 Hz 
damped oscillation.
The leads to each pair of rods were screened for
most of their length by a half inch diameter stainless
steel tube. Further screening was provided by a thin
stainless steel plate placed across the top of the
support pillars (figure 4.6) and by a smaller plate
with a 0.4 cm diameter hole in its centre placed
between the ends of the quadrupole rods and the first
dynode of the particle multiplier (figure 4.2). This
electrostatic screening did not entirely remove the 3*3
MHz signal from the pulse counting circuit but it was
5successful in reducing the 10 Hz damped oscillation to 
a negligible level. The remaining 3«3 MHz signal was 
made negligible by a filter.
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4.3«1» The pulse counting circuit.
The electrical circuit for the analyser section is 
shown in figure 4.8. The fifteen stage beryllium-copper 
particle multiplier (E.M.I. 9603B) was mounted so that
the first dynode was approximately 0.6 cm below the exit 
plate of the quadrupole rod assembly (figure 4.2). The 
first dynode of the multiplier was operated at a potential 
of -3 kV supplied by a John Fluke type 408B power supply. 
The particle multiplier was mounted as shown in figure 
4.2 with most of the glass envelope cut away to ensure 
that the pressure within the multiplier was insufficient 
to cause electrical breakdown between the dynodes.
The voltage divider of the multiplier consisted 
of 13 two Megohn Pyrofilm resistors spot welded directly 
to the base pins.
The seven leads from flange T were connected to 
teflon insulated feed throughs located in an aluminium 
can V attached below flange T (figure 4.2). All 
connections within the can were splot welded to enable 
this can to be baked. The pulse shaping circuit was 
contained within a similar aluminium can that mated with 
can V. This latter aluminium can could be removed
during a bakeout.
-3  kV
1  500 pF 
±  500 pF
500 pF
:100K |2M
T 27M
3.3 MHz 
filter scalar
pre-amplifier
discrimator
inverting
amplifier
figure 4.8
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The pulse shaping circuit is shown in figure 4.8 and 
was designed so that the first dynode of the multiplier 
could be operated at - 9 kV with the voltage across the 
dynode structure being maintained at 3 kV. In the present 
work using positive ions the gain of the multiplier was 
sufficient when the first dynode was operated at -3 kV 
and the pulse shaping circuit was used in the mode shown 
in figure 4.8 with the anode of the particle multiplier 
near earth potential.
From the second of the two cans the signal was fed 
via a preamplifier of gain 1000 and an inverting amplifier 
of gain two, into a 0-10 volt discriminator and finally 
a scalar (figure 4.8). A discriminator setting of 0.5 
volts was found to eliminate virtually all noise counts.
As most of the pulses were in excess of one volt in 
amplitude at the input to the discriminator, a setting 
of one volt was used. Typical background count rates 
were approximately 8 per minute.
4.4 The vacuum manifold.
The vacuum manifold was constructed of types 304,
316, and 347 stainless steel. 'Conflat' flanges were 
used throughout so that the apparatus was readily 
demountable. The apparatus was mounted vertically with
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the drift section at the upper end and was supported by 
a stainless steel frame bolted rigidly to the concrete 
of the laboratory floor.
4.4.1 The drift section.
The upper end of the drift section is sealed by 
the eight inch 'Conflat' flange A (figure 4.2) that 
contains 26 ceramic feedthroughs for the leads and 
thermocouples of the electrode system. The other end of 
this section is terminated by a copper plate which has 
a central 0.05 cm diameter exit hole.
The temperature of the gas in this section may be 
varied by the use of a dewar which is integral with the 
drift section (figures 4.2 and 4.9)» thermal insulation 
for the dewar being provided by the vacuum of the 
transition section. In order to reduce the heat flow 
into the dewar down the walls of the drift section the 
wall has been machined back from the normal thickness of 
0.15 cm to 0.05 cm between the top of the dewar and 
flange B. The bellows by which the dewar is filled 
allows for differential expansion and contraction.
Figure 4.2 shows the attachment C that bolts to the 
filling port and carries the filling line and liquid 
level probe used when the dewar is filled with liquid
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nitrogen. The liquid nitrogen level was maintained 
constant within ± l/l6" by a liquid level controller 
(Spembly Technical Products Ltd). The part D of 
attachment C may be connected to a rotary pump thus 
enabling the pressure above the liquid nitrogen to be 
reduced and the boiling point of the liquid to be lowered. 
This facility was not used in the present work.
For the room temperature, 273° K and 197° K measurements 
the dewar was filled with water, ice and a slush of ethyl 
alcohol and dry ice respectively.
k.k.2 The transition section.
It is essential that the ions that are mass 
analysed are typical of ions existing in the drift section. 
For example if ionic clusters have formed within the 
drift section it is important that these survive 
umchanged to reach the mass filter. Thus ideally the 
ions should make no collisions within the transition 
section. However it is difficult to satisfy this 
requirement and also ensure that there is a high 
transmission of ion current to the analyser section.
Therefore the size of the exit hole is a compromise 
between the ideal case of a hole small enough that pure 
effusive molecular flow occurs from the plane of the exit
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hole yet large enough that a satisfactory ion count be 
obtained at the particle multiplier. The exit hole 
should also be small enough to restrict the flow of gas 
from the drift section to a rate that enables the pumping 
system to maintain a low background pressure in the 
transition section.
The angular distribution of the flow of gas from 
the exit hole is determined by the Knudsen number defined 
as the ratio of the mean free path of the gas to the 
diameter of the exit hole. In the present case the exit 
hole may be considered as a knife edge orifice since 
the ratio of diameter (0.05 cm) to wall thickness (0.003 cm) 
is approximately 20. The Knudsen numbers corresponding 
to the experimental conditions used in this investigation 
ranged from approximately 1.2 for helium at a pressure 
of 0.232 torr and a temperature of 302° K down to 
approximately 0.01 for argon at a pressure of 3*100 torr 
at 78° K. Investigations by Fenn and Deckers (1963) have 
shown that in nitrogen supersonic jets were present at 
Knudsen numbers less than 10 and it would thus appear 
that for most of the conditions encountered in the present 
work the gas flows through the exit hole from the drift 
section in the form of a supersonic jet.
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When supersonic flow occurs the geometry of the 
skimmer becomes an important factor in determining the 
transmission to the analyser section. The skimmer which 
is immersed in this supersonic stream of gas will give 
rise to a bow shock wave and it is known that for 
conical skimmers of cone angles greater than about 60° 
this shock wave becomes detached from the apex of the 
skimmer reducing the transmission. (Anderson , Andres 
and Fenn). In the present design the cone angle is 120° 
and although this would appear to be a poor choice it 
was chosen to enable the entry to the quadrupole rod 
system to be as close as possible to the skimmer hole.
As at the lowest Knudsen numbers the ion current 
transmitted to the multiplier decreased rapidly as the 
pressure in the drift section was increased it would seem 
that a shock wave may have detached from the conical 
skimmer.
The conical skimmer was manufactured of copper and 
mounted on a copper cylinder which in turn was mounted 
on a five inch diameter stainless steel bellows I 
(figure 4.2). The hole in the apex of the skimmer was 
0.1 cm in diameter, the edges of this hole being as thin 
as practicable. The skimmer was insulated from the
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bellows by a glass ring between the bellows and the copper 
cylinder to enable the potential of the skimmer to be 
varied.
The five inch diameter bellows enables the conical 
skimmer to be moved vertically and horizontally, this 
movement being controlled by micrometer screw drives. 
Movement of the conical skimmer is desirable for the 
following reasons:
(1) As each section of the apparatus is demountable it
is impossible to reassemble the apparatus with the exit hole of 
the drift section in the same relative position to that 
of the hole in the conical skimmer without elaborate 
jigging.
(2) The optical axis of the apparatus may not necessarily 
be the axis of maximum ion transmission.
(3) Adjustments can be made to compensate for changes in 
position due to mechanical stresses or non uniform expansion 
or contraction. The micrometer screw drives enable the 
conical skimmer to be moved vertically within 1.3 to 0.3 cm 
of the exit hole of the drift section and horizontally
up to 0.4 cm from the axis of the apparatus.
When the manifold is evacuated, atmospheric pressure 
against the stainless steel annular plate K supports 
the analyser section. The vertical movement of the
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conical skimmer is controlled by three of these 
micrometer screw drives, one of which marked L is shown 
in figure 4.2. The feet of these drives bear against a 
one inch thick stainless steel plate M bolted to the 
10 inch 'Conflat’ flange N. These three micrometer screw 
drives are mounted on a half inch thick stainless steel 
annular ring 0 welded to the outside of the analyser 
section. Four micrometer screw drives bear against the 
circumference of this annular ring and enable flange 0 
and hence the analyser section to be moved horizontally. 
Two of these drives marked P and Q are shown in 
figure 4.2.
Figure 4.10 shows a plot of transmitted ion 
current against horizontal position of the skimmer for 
K + ions in hydrogen. The shape of this scan does not 
represent the shape of the supersonic jet but is due to 
the small acceptance angle of the quadrupole system.
This curve does indicate however the degree of alignment 
required for maximum transmission.
When the manifold was vented to atmospheric pressure 
metal spacers were placed between the annular sections 
0 and M and the analyser section supported by tightening 
three bolts; one of these bolts labelled R is shown in 
figure 4.2.
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4.4.3 The analyser section.
The analyser section contains the mass filter and 
particle multiplier. Although the mass spectrometer can
-4operate at pressures as high as 10 torr with no loss
in resolution the pressure must be kept below approximately
-51 x 10 torr to prevent electrical discharges occurring 
in the multiplier.
4.5 The gas inlet system.
The gas inlet system is shown schematically in 
figure 4.11 and was used to introduce the diatomic gases 
hydrogen and nitrogen and the inert gases helium, neon 
and argon to the apparatus.
Hydrogen of industrial grade was purified before 
entering the apparatus by passage through a silver-palladium 
osmosis tube. The remaining gases were Research grade 
gases supplied by the Matheson Gas Company in steel 
cylinders. These cylinders were connected directly to 
an ultra pure gas regulator (Matheson type 18UPT-590)•
The Granvi1le-Phi1lips variable leak valve was controlled 
by the Automatic Pressure Controller as described in 
the following section.
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4.6 Pressure measurement and control.
The pressure in the drift section was measured by 
an M.K.S. Baratron Series 90H-3E capacitance manometer, 
the sensing head being attached to one of the arms of a 
flanged cross fitting G in the line EF (figure 4.2).
Before mounting the sensing head in this position tests 
were carried out to ensure that the pressure measured at 
this point was the same as that in the drift section.
The M.K.S. Baratron was operated in its null mode 
so that it provided an output signal the magnitude and 
sign of which depended on the difference in pressure 
between that of the sensing head and the setting of the 
control unit. This signal was fed to a Granvi1le-Phi1lips 
Automatic Pressure Controller which was linked with 
the servo controlled variable leak valve at the output 
of the gas inlet system. In this manner the pressure 
in the drift section was held constant against the loss 
of gas through the 0.05 cm diameter exit hole with a
-4variation of less than 2 x 10 torr at all pressures.
The pressure in the transition section was measured by 
either a Bayard-Alpert ionisation gauge or a Varian 
Millitorr gauge. In the analyser section pressure was 
measured by a Bayard-Alpert ionisation gauge attached 
at point S of figure 4.2.
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When the drift section was filled with hydrogen at 
room temperature to a pressure of 3 torr the pressure in
-4the transition section was of the order of 7 x 10 torr 
and that in the analyser section 6 x 10  ^ torr. At 78° K 
when the drift section was filled to 3*100 torr with 
helium the pressure in the transition section was
- 3 -42 x 10 torr and in the analyser section 5 x 10 torr. 
With the variable leak valve fully closed the pressure 
measured by the ion gauges of the transition and
-9analyser sections was approximately 9 x 10 torr. It 
was not possible to measure the rate of rise of pressure 
in the apparatus as the pumping system could not be sealed 
adequately due to a fault in the baffle valve of the six 
inch diffusion pump. Gas purity will be discussed in 
section 4.9
4.6.1 Calibration of the pressure gauge.
Although the M.K.S. Baratron had been calibrated 
by the manufacturer it was recalibrated upon receipt in 
case the calibration had changed in transit. This 
calibration was carried out against a C.E.C. type 6201 
primary pressure standard. As the lowest absolute 
pressure that could be established by the primary pressure 
standard was 15*5 torr the calibration was performed
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differentially with the reference pressure held 
accurately at 15*5 torr by means of a temperature 
stabilised ballast volume.
When in use the reference side of the M.K.S. Baratron 
was not at 15*5 torr but effectively at zero pressure.
To determine whether this affected the guage calibration 
the shift in the guage zero was checked when each side 
of the sensing head was held at 15*5 torr and when 
evacuated. The zero shift observed was less than 0 .1%.
The accuracy of this type of guage is dependent 
on the temperature of the sensing head being kept 
highly stable. To meet this requirement the sensing 
head is surrounded by a constant temperature enclosure 
and a system of temperature compensation provided so that 
corrections may be made for any small change in the 
temperature of this unit. Precautions were taken to 
ensure that the temperature of the sensing head when 
attached to the apparatus was the same as that during 
calibration. During operation the temperature of the 
sensing head was frequently checked and the necessary 
temperature compensation made.
The pressures at which the M.K.S. Baratron was 
calibrated and the calibration errors are listed below.
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Pressure ( torr) Maximum estimated error ($)
0.077 ± 1.0
o.l 55 ± 0.6
0.232 ± 0.4
0.543 ± 0.3
0.776 ± 0.2
1.008 ± 0.2
1.551 ± 0.2
2.094 ± 0.1
2.325 ± 0.1
2 .480 ± 0.1
3.100 ± 0.1
At 3•100 torr the calibration differed from that of the 
manufacturer by + 1.7$ and at 0.077 torr by -0.8$.
Although the reason for this shift in calibration is 
unknown the manufacturer has stated that such shifts are 
no t unusual.
Upon completion of the calibration the sensing head 
was attached to the apparatus with the reference side of 
the sensing head connected to the analyser section. When 
the mobility measurements were completed the calibration 
was again checked. However rather than remove the 
gauge and check it against the primary pressure standard a
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calibrated quartz spiral manometer (Texas Instruments) 
was attached to the system. During this test the 
reference side of the M.K.S. Baratron was connected to 
the evacuated reference volume of the Texas Instruments 
gauge. This check revealed that the calibration of the 
M.K.S. Baratron had shifted slightly being 0.5$ higher 
at 3*100 torr, 0.4$ higher at 2.094 torr and 0 .3% higher 
at 1.008 torr. This error is taken into account in 
assessing the accuracy of the results and is discussed 
in section 5*6. When this check was completed the 
Texas Instruments gauge was removed and recalibrated 
against the primary pressure standard. The calibration 
was found to be accurate to within 0.1$.
4.7 The pumping system.
The pumping system is shown schematically in figure 
4.1 and consists of a six inch system used to pump the 
transition section and a four inch system to pump the 
analyser section. The two pumping systems are joined to 
the vacuum manifold by 6" and 4" diameter, pipelines. 
Granville-Phillips ’Cryosorb’ liquid nitrogen traps were 
used to reduce back streaming from the diffusion pumps. 
When the diffusion pumps were first used difficulties 
were experienced due to pressure pulses being registered
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by the ionisation gauges. These pressure pulses many of 
which were constant in amplitude and in frequency were 
found to be connected with the O-ring seals used at the 
connection of the water baffle to the diffusion pump.
A change from conventional circular cross section O-rings 
to square section O-rings was found to eliminate this 
problem.
The movement of the conical skimmer described in 
section 4.4.2 required that the analyser section and its 
pumping system be moveable. This was achieved by counter 
balancing the trap, water baffle and diffusion pump of 
the four inch system by a lead weight and pulley system 
attached to the stainless steel frame supporting the 
manifold. The six inch system was also counter 
balanced to allow for expansion during bakeout.
4.7.1 The safety interlock system.
A safety interlock system was used to ensure that 
the correct sequence of operation was followed both when 
the pumping system was started up and when being shut 
down due to vacuum failure. The interlock system was 
arranged so that the pumping system could be operated in 
three modes, referred to as standby, operational and 
bakeout. Each of these modes was linked electrically
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with the pressure gauges of the transition and analyser 
sections.
4.8 Temperature measurement.
The temperature of the gas in the drift section was 
measured by two copper-constantan thermocouples, one 
attached to electrode L and the other to electrode M of 
the electrode system (figure 4.3)* These thermocouples 
were introduced to the drift section through ceramic feed 
throughs in flange A (figure 4.2). Each of the four feed 
throughs had a hollow copper conductor through which the 
thermocouple leads were inserted into the drift section 
unbroken so as to reduce the possibility of spurious 
E.M.F.'s due to thermal gradients. The bottom end of 
each conductor was sealed by vacuum brazing.
The E.M.F. of the thermocouples was measured by a 
Leeds and Northrupp K-3 potentiometer
4.9 Techniques of measurement.
The mobility of potassium ions in each of the gases 
nitrogen, hydrogen, helium, neon and argon was measured 
over a wide range of values of E/N. A number of gas 
pressures were chosen so that as far as possible the 
highest values of E/N at one pressure overlapped with the 
lowest values of E/N at the next higher pressure.
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The majority of the mobility measurements, as 
explained in section 1.4, were made using only the drift 
section. With sufficient measurements made using the 
analyser section to ascertain the identity of the ions. 
However under some experimental conditions there was 
insufficient ion current transmitted to the analyser 
section to measure the mobility using the mass spectrometer 
and only a mass scan could be carried out to identify 
the ions present. In some instances the transmitted 
ion current was so low that not even a mass scan could 
be performed. This lack of mass identification under 
some circumstances does not necessarily mean that the 
identity of the ion remains unknown. The transmitted 
ion current peak system versus shutter frequency measured 
in the drift section indicates whether one or more ions 
are present. As only one system of current peaks was 
ever observed this meant that the ions were either 
totally clustered or unclustered. The mass scans that 
were made at each temperature only ever indicated an 
unclustered ion present at the mass spectrometer which 
means that if the ions had totally clustered within the 
drift section all of these clusters must have disintegrated 
within the transition section. However it was usually 
possible to measure the mobility of the ions with the
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mass spectrometer at low pressures and high values of E/N. 
These values always agreed to within experimental error 
with values measured at the same value of E/N in the drift 
section. If a change in ion identity had occurred at 
values of E/N less than those values at which mass 
identification had been possible by the mass dispersion 
curves given in Tyndall (1938) the curve of reduced 
mobility versus E/N should be discontinuous as the 
mobility would be significantly lower. This would not 
be true in helium and hydrogen where the mass dispersion 
curve is relatively shallow but in these gases sufficient 
ion current was transmitted to the analyser section to 
positively identify the ions as K +^ and Thus using
the values of the mobility measured with mass analysis, 
the mass scans and the transmitted current peak system 
obtained within the drift section it was possible to 
establish that no change in ion identity occurred.
Within the drift section the mobility was measured 
using the Bradbury-Nielsen shutters B and C which defined 
a drift distance of 5*99 cm. The lowest field used was 
6 volt/cm this limit being set by insufficient ion 
current. The highest fields used ranged from 10 to 15 
volt/cm depending on the gas, the field limit being set 
by the voltage at which electrical discharge occurred.
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The Bradbury-Nielsen shutter D, held electrically closed
by the cross field produced by a 15 volt cell attached
across the shutter leads, was used as the collecting
electrode. The ion current, which was of the order of 
-1210 amps, was measured by a Kiethley 600 A electrometer 
connected between the shutter and the voltage divider.
The technique of measurement used in the drift section 
is the same as that described by Elford (1966). If the 
difference between the fundamental reasonant frequency 
obtained from adjacent ion current peaks was greater than 
0 .2% at pressures greater than 0.543 torr the measurement 
was repeated. At 0.543 torr and below greater disagreement 
than 0.2% was tolerated for at the high values of E/N used 
at these pressures the efficiency of the electrical 
shutters in modulating the ion stream is decreasing.
The voltage across the distance BC was measured for each 
measurement of mobility by a John Fluke differential 
voltmeter type 891 A R . The temperature of the gas was 
also measured for each mobility measurement at the 
points on the electrode structure described in section 
4.8. From these two values the temperature of the gas 
at a point midway between shutters B and C was found by 
linear interpolation. This value was taken as that of 
the gas over the drift distance B C .
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The transition section was operated not as a field 
free chamber but with a focusing voltage applied to the 
conical skimmer to increase the ion current transmitted 
to the analyser section. This voltage was only applied 
after it had been establised that only unclustered ions 
were present in the drift section.
When mass scans and mass identified mobility 
measurements were performed the potential difference 
applied to the shutter wires of shutter D to increase 
its efficiency as a collecting electrode was removed.
The method of performing mass identified mobility 
measurements followed that used in the drift section 
except that only the resonant frequency corresponding 
to the first ion current peak was measured.
As mentioned in section 4.6 it was not possible 
to measure the out-gassing rate of the apparatus.
However since no clustered ions were observed it may be 
inferred that the level of polar impurities was 
negligible and that no ion-molecule reactions had taken 
place.
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CHAPTER 5
EXPERIMENTAL RESULTS
The mobility of potassium ions has been measured 
over a wide range of values of E/N in nitrogen at 302° K, 
in hydrogen at 304° K, in helium at 303° K, 196° K and 
79° K, in neon at 302° K, 276° K, 196° K and 80° K and 
in argon at 304° K, 273° K and 197° K. These measurements 
are discussed in detail in the following sections.
3.1 Measurements in diatomic gases.
Measurements were made in the diatomic gases hydrogen 
and nitrogen to check the accuracy of the apparatus.
These gases were chosen since a comparison could be made 
with measurements of stated high accuracy due to 
Crompton and Elford (1939) in nitrogen at 294° K and due 
to Elford (1967) in hydrogen at 293° K.
3.1.1 Potassium ions in nitrogen.
Measurements were made in nitrogen at 302° K at 
values of E/N ranging from 12 to 107 Td and at pressures 
of 3.100, 2.323, 1.331, 1.008 and 0.343 torr. The 
experimental measurements of the reduced mobility K as
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a function of E/N are shown in figure 5*1 and are
tabulated in appendix 1. No experimental point deviated
from the curve of best fit by more than 0.5$> • At
pressures greater than 1.008 torr insufficient ion
current was transmitted to the analyser section to
enable either a mass scan or a mass identified mobility
measurement to be made. However a mass scan was carried
out at 1.008 torr and this revealed that the only ions 
+ +present were K ^  and K ^  in approximately the expected 
isotopic abundance ratio. Mobility measurements with 
mass identification were also performed at this pressure 
at two values of E/N and agreement to within V)o 
obtained with values measured in the drift section.
A further mass identified value of the mobility was 
measured at 0.543 torr and these mass identified values 
are shown in figure 5-1* In view of these mass 
identified results there can be little doubt that for 
values of E/N greater than 45 Td the experimental curve 
is indeed that for potassium ions in nitrogen. It may 
be inferred that at lower values of E/N the ions are 
also potassium using the arguement given in section 4.9* 
There have been five previous measurements, 
excluding those due to Hershey, of the mobility of
l4o
potassium ions in nitrogen as a function of E/N. The
reduced zero field mobilities K obtained from theseo
measurements are listed in table 5•1•
Table 5.1.
The reduced zero field mobility of potassium ions in 
2 —  1 —  1nitrogen (cm"sec volt ).
Temperature (°K)
Present result 302
Mitchell and Ridler (1934) R.T.
Crompton and Elford (1959) 294
Davies, Dutton and
Llewellyn Jones (196 6 ) R.T.
Moseley, Gatland, Martin
and McDaniel (1969) 300
Fleming, Tunnicliffe and
Rees (1969) 29O-
Ko
2.54 ± 0.03
2.53
2.54 ± 0.01
2.55 ± 0.07
2.55 ± 0.01
2.53 ± 0.02
R.T. = room temperature (exact temperature not stated)
All the results listed in table 5«1 agree to within 
the stated error limits and suggest that the reduced zero 
field mobility of potassium ions in nitrogen is known to 
V/o with some certainty. However when the variation with 
E/N is examined, figure 5 «2, considerably greater 
divergence occurs.
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The values of Davies, Dutton and Llewe1lyn-Jones
bear no resemblance to the other curves showing the
mobility to be constant to values of E/N, of 150 T d .
As the results of Crompton and Elford, Fleming, Tunnicliffe
and Rees and Moseley, Gatland, Martin and McDaniel do
not exhibit the 'sharp elbow' of the Mitchell Ridler
curve this, the oldest data available will not be
discussed further. Of the remaining four sets of data
plotted in figure 5*2 only the present results and those
of Moseley, Gatland, Martin and McDaniel were obtained
using mass identification. Moseley, Gatland, Martin and
McDaniel state the maximum error in the value of K too
be k</o and presumably this is true for the values of the 
reduced mobility K. The excellent agreement of their 
result with the reduced zero field mobility of the 
present results and also the reduced mobility at values 
of E/N up to the limit of the present measurements 
(e /N ~ 100 Td) suggests that the error limits stated by 
Moseley et a l . may be conservative. However since 
error limits cover all the data available (Excepting that 
of Davies, Dutton and Llewellyn Jones) no further 
comparisons can be made. The data for which the highest 
accuracy is claimed are those of Crompton and Elford, the 
error limits being stated as ±0.5$>> and the present
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data with a stated error limit of ±1%. When these two 
sets of data are compared the maximum difference occurs 
at approximately E/N = 90 Td and is 2% which is just outside 
the combined limits of experimental error. The data of 
Fleming, Tunnicliffe and Rees (1969) does not have error 
limits assigned with the exception of the zero field 
mobility which is stated to be in error by less than 0 .8%.
The maximum scatter of the data points from their curve 
of best fit would appear to be 1.5%. If an absolute 
error limit of 1% is assigned to their values of the 
reduced mobility their data agrees within the combined 
experimental error with that of Crompton and Elford 
over the common range of E/N.
5.1.2 Potassium ions in hydrogen.
The mobility of potassium ions in hydrogen at 304° K 
was measured over the E/N range 9 to ll4 Td at pressures 
of 3.100, 2.094, 1.551, 1.008, 0.776 and 0.543 torr.
The variation of the reduced mobility with E/N is shown 
in figure 5«3 and the experimental data is tabulated in 
appendix 2. The largest deviation of the experimental 
points from the curve of best fit is 0.6% while the 
majority deviate by no more than 0.3^« Mobility measurements 
with mass identification were performed at all pressures
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confirming the ions to be those of potassium, these 
values are shown in figure 5*3*
The reduced zero field mobility of the present 
results and that due to previous measurements is listed 
in table 5*2.
Table 5«2.
The reduced zero field mobility of potassium ions in 
2 — 1 —  1hydrogen (cm sec volt ).
Temperature (° K )
Present results 303
Tyndall (1938) R.T.
Elf ord (1967) 293
Fleming, Rees (1967) 291-299
Miller, Moseley, Martin and
McDaniel (1968) 304
12.9 ± 0.1
12.7
12.75 ± 0.04 
12.70 ± 0.1
12.8 ± 0.6
R.T. = room temperature (exact temperature not stated).
The available data for the variation of K with E/No
is shown in figure 5*4. The data of Miller, Moseley, 
Martin and McDaniel has a maximum stated error limit 
of ±5$ at low values of E/N while at high values of E/N 
the error limits are given as +20^ and -15^. Since all 
the remaining curves fall within these limits no detailed 
comparison can be drawn with these data. The stated
a: present results 
b: Elford 1967  
c: Fleming, Rees 1967
E /N  (Td)
figure 5.4
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error of the reduced zero field mobility of Fleming 
and Rees is approximately 1% and this is also the 
magnitude of the error limits placed on their curve up 
to values of E/N of approximately 100. Beyond this value 
of E/N the error limits are given as ±4%. These results 
over the common range of E/N are in agreement with those 
of Elford the stated error limits of which are ±0.3% 
for values of E/N less than 60 Td and ±0.3% for higher 
values of E/N. The present results have an estimated 
error limit of ±1.0^. These last three mentioned results 
were all made with the same technique namely that of 
Bradbury and Nielsen. The most significant comparison 
is that between the present results and those of Elford 
where the difference between the curves is greater than 
the combined error limits.
The present results, as figure 5 »4 shows, are 
everywhere higher than those of Elford this difference 
decreasing from 1.9% for values of E/N of approximately 
15 Td to 1.0% at 90 T d . To investigate the cause of 
this difference an attempt was made to duplicate in the 
present apparatus, the experimental conditions that 
existed when the results of Elford were taken. This 
required that the apparatus be operated in what might 
be referred to as the static mode, that is all three
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sections of1 the apparatus were filled to the same 
pressure with hydrogen. Not only was mass analysis 
impossible under these conditions but the M.K.S. Baratron 
could not be used since its reference pressure was that 
of the analyser section (section 4.6.l). A Texas 
Instruments quartz spiral manometer was therefore 
attached to the apparatus. This gauge had been calibrated 
against a CEC type 6201 primary pressure standard and 
was estimated to be in error by less than O.Vjo for 
pressures greater than 1 torr. However in using the 
apparatus in this static mode the 1Cryosorb' liquid 
nitrogen traps were no longer operational and because 
the system was therefore untrapped there was some doubt 
as to the purity of the gas.
In the static mode, measurements were made at 15 torr 
and pressures ranging down to those pressures used when 
the apparatus is under automatic pressure control, that 
is in the dynamic mode. The findings of this investigation 
are summarised below.
(a) Under the purest of gas conditions, where the apparatus 
was operated in the dynamic mode and where the ion was 
positively identified as K +^ , the mobilities were higher 
than those of Eiford (1967) by 1.9% at low values of 
E/N and by 1% at high values of E/N.
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(b) At the high gas pressures used in the static mode 
where the gas purity was doubtful and mass identification 
impossible the mobilities were in good agreement with 
those of Elford (1967).
(c) In the main, mobilities measured at low gas pressures 
in the static mode also agreed with those of Elford (1967). 
However some measurements made under possibly cleaner
gas conditions were found to be 2% higher than those of 
Elford (1967) being in agreement with results made in 
the dynamic mode.
It is speculated that in the measurements summarised 
above, two ions were present. The unclustered K 4^  ion 
and a clustered ion of unknown identity with a mobility 
2% lower than the unclustered ion at low values of e /N.
The ion present in the measurements of Elford (1967) is 
thought to be the clustered one. The formation of this 
clustered ion appears to be pressure dependent as it is 
always present at 15 torr but at pressures less than 
5 torr its presence may depend on gas purity. A similar 
effect to this has been reported for Na+ in hydrogen by 
Tyndall (1938). Tyndall found that at approximately 
9 torr only one ion, assumed to be unclustered Na , was 
present while at approximately 15 torr although again 
only one ion was present it had a mobility lower by 15%
147
than that of the ion measured at 9 torr. At an 
intermediate pressure of 12 torr both ions were present. 
Tyndall suggested that the Na+ ion was clustered with 
water vapour formed by small traces of oxygen combining 
catalytically with hydrogen at the ion source. The 
high water vapour concentration and high ionic number 
density in the immediate vicinity of the source thus 
leads to a high probability for the formation of ionic 
clusters. Additional evidence for this phenomena is 
provided by results for the mobility of Na+ in hydrogen 
due to Elford (1967a). No mass analysis was used in 
making these measurements but the ion current versus 
shutter frequency peaks obtained from the electrical 
shutters showed that two ions were present one of which 
possessed a mobility yjo lower than the other. The ion 
of lower mobility was assumed to be a clustered Na+ ion 
and its abundance relative to the unclustered Na+ ions 
could be varied by changing the source conditions or in 
other words the filament temperature.
Unfortunately the aim of checking the accuracy of 
the present apparatus by performing measurements in the 
diatomic gases nitrogen and hydrogen has not been 
achieved. However there exists a further set of results
of stated high accuracy. These are of potassium ions in
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neon due to Crompton and Elford (1959) and with these 
excellent agreement was obtained (section 5*3)*
5.2 Potassium ions in helium
The mobility of potassium ions in helium was measured 
as a function of E/N at gas temperatures of 303° K, 196° K 
and 79° K.
Measurements at 303° K .
Measurements at 303° K were made over the E/N range 
9 to 82 Td at pressures of 3-100, 2.325, 2.094, 1.551, 
1.008, 0.776 and 0.543 torr. The experimental points are
tabulated in appendix 3. All the experimental points
lay within 0.5'$ of the curve of best fit (figure 5*5) and
2 —  1 -1the reduced zero field mobility was 21.40 cm sec volt 
with a maximum estimated extrapolation error of ±0.5%•
Mass scans and mass identified mobility measurements 
were performed at each pressure with the exception of 
3.100 torr where insufficient ion current was transmitted 
to the analyser section. The mass scans revealed that 
the only ions present were K +^  and K 4^ .  The values of 
the mobility measured with mass identification agreed 
with the values measured in the drift section to within 
V/o and are shown in figure 5*5«
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' OMeasurements at ltyb K .
Measurements at 196° K were made over the E/N range 
6 to 102 Td at pressures of 3*100» 2.094, 1.551» 1.008,
0.776, 0.543 and 0.232 torr. The experimental points
are tabulated in appendix 3* Only two experimental
points deviated from the curve of best fit by more than
0.5$ (figure 5.6). The value of the reduced zero field
2 -1 -1mobility was 20.7 cm sec volt with the maximum error 
in the extrapolation being estimated at ±0.5$* Mass 
scans and mobility measurements with mass identification 
were carried out at pressures of 2.325» 1*551 and 1.008
torr. The only ions present were K ^  and K ^ ;  the 
values obtained for the mass identified mobilities agreed 
with values measured within the drift section to better 
than 2.5$ and are shown in figure 5*6. The discrepancy 
between the mass identified values and the curve of best 
fit at 196° K is greater than that between the mass 
identified values and the curve of best fit at 303° K 
as a result of the smaller ion current transmitted to
the analyser section at 196 K.
Measurements at 79° K .
Measurements at 79° K were made over the E/N range 
2.4 to 21 Td at gas pressures of 3*100» 2.325» 2.094,
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1.551, 1.008, 0.776 and 0.5^+3 torr. The experimental
points are tabulated in appendix 3* Only two
experimental points differed from the curve of best fit
by more than 0.5^  (figure 5*7)* The reduced zero field
2 -1 -1mobility was 18.1 cm sec volt with the estimated 
extrapolation error being ±0.5%• Insufficient ion 
current transmitted to the analyser section prevented 
mass scans from being carried out at pressures greater 
than 1.008 torr. These mass scans revealed that only
and  ^ions were present. Although mass scans
were possible the ion current was too small to allow 
mass identified mobility measurements to be performed. 
However only one set of current versus shutter frequency 
peaks was obtained at all pressures within the drift 
section. This together with the mass scans suggest that 
no clustered ions were present.
The values of the reduced zero field mobilities 
are listed in table 5*3 together with that of Tyndall 
(1938) and the corresponding variations of the reduced 
mobility with E/N at each temperature are compared in 
figure 5-8. There are no published data for the variation 
of the reduced mobility with E/N.
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Table 5-3»
The reduced zero field mobility of potassium ions in 
2 —  1 —  1helium (cm sec volt ).
Temperature (°K) Kp
Present results 303 21. 4 ± 0.2
n 196 20.7 ± 0.3
H 79 18.1 ± 0.4
Tyndal1 (1938) R.T. 21.5
R.T. = room temperature (exact temperature not stated).
5»3 Potassium ions in neon.
The mobility of potassium ions in neon was measured 
as a function of E/N at gas temperatures of 302° K,
276° K, 196° K and 80° K.
Measurements at 302° K .
Measurements at 302° K were made over the E/N range 
9 to 82 Td at pressures of 3-100» 2.325» 2.094, 1.551»
1.008, 0.776 and 0.543 torr. The experimental points are
tabulated in appendix 4. Most of the experimental points 
lay within 0. Vjo of the curve of best fit and no 
experimental point deviated from the curve of best fit 
by more than 0.3%> (figure 5-9)- The present results
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when compared with those of Crompton and Elford
(1959) over the common range of E/N from 9 to 30 Td
(figure 5*9) are approximately 0.5% higher which is well
within the combined limits of experimental error of both.
Mobility measurements with mass identification were
made at four values of E/N ranging from 22 to 76 Td and
all lay within 1$ of the curve of best fit and are shown
in figure 5*9* Mass scans at each pressure showed only 
+ +K ^  and ions to be present. The reduced zero field
mobility was 7-^+5 cm^sec volt with the maximum 
extrapolation error estimated to be ±0.5^-
Measurements at 276° K .
Measurements at 276° K were made over the E/N range
8.5 to 51 Td at pressures of 3-100 2.325, 2.094, 1-551,
1.008 and 0.776 torr. The experimental points are
tabulated in appendix 4. No experimental point deviates
from the curve of best fit by more than 0.3$> (figure 5-10).
2 -1 -1The reduced zero field mobility was 7-33 cm sec volt 
with the maximum extrapolation error estimated to be ± 0 .5%•
Measurements at 196° K .
Measurements at 196° K were made over the E/N range 
6 to 102 Td at gas pressures of 3-100, 2.325, 2.094, 1.551,
1.008, 0.776, 0.543 and 0.232 torr. The experimental
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drift section indicates that there was no change in 
ion identity.
The values of the reduced zero field mobilities are 
listed in table 5*4 together with those of Tyndall (1938) 
and Crompton and Elford (l9 5 9 ) • The corresponding 
variations of the reduced mobility with E/N of the 
present results at each temperature are compared in 
figure 5 •1 3 •
Table 5.4.
The reduced zero field mobility of potassium ions in
/ 2  - 1  - Tneon (cm sec volt ).
Temperature (°K ) Ko
Present results 3 0 2 7.45 ± 0 . 0 7
I t 2 7 6 7.33 ± 0 . 0 7
T? 1 9 6 7.04 + 0 . 1
H 80 6.55 ± 0 . 1
Tyndall and Powell (1 9 3 2 ) R.T. 7.50
Crompton and Elford (1 9 5 9 ) 294 7.42 ± 0 . 0 7
R.T. = room temperature (exact temperature not stated).
5.4 Potassium ions in argon.
The mobility of potassium ions in argon was measured 
as a function of E/N at gas temperatures of 304° K,
275° K and 197° K.
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, oMeasurements at 304__K .
Measurements at 304° K were made over the E/N range
9 to 107 Td at pressures of 3*100» 2.325» 1*551» 1.008,
0.776 and 0.5^3 torr. The experimental points are
tabulated in appendix 5* Only two of the experimental
points lay more than 0.2% from the curve of best fit
(figure 5.14). The reduced zero field mobility was 
2 -1 -12.67 cm sec volt , the maximum extrapolation error 
being estimated as ±0.k%o. Mass scans and mobility 
measurements with mass identification could only be 
carried out at 0.776 and 0.543 torr. The mass scans 
and the ion current versus shutter frequency peaks 
measured in the drift section indicated that no ion 
clustering occurred. The two mass identified mobilities 
agree with the curve of best fit to within 1.6% and are 
shown in figure 5•l4 .
Measurements at 275° K .
Measurements at 275° K were made over the E/N 
range 6 to 85 Td at pressures of 3*100» 2.325» 1*551»
1.008, 0.776 and 0.543 torr. The experimental points
are tabulated in appendix 5* All the experimental points
lay within 0.5% of the curve of best fit (figure 5 *15)
2 -1 -1and the reduced zero field mobility was 2.66 cm sec volt 
the maximum extrapolation error being estimated as ±0.h%.
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Measurements at 197° K .
Measurements at 197° K were made over the E/N range
6 to 123 Td at pressures of 3-100, 2.325, 1.551» 1.008,
0.776, 0.5^3 and 0.232 torr. The experimental points
are tabulated in appendix 5- All the experimental
points lay within 0.5$ of the curve of best fit (figure
5 .16) and the reduced zero field mobility was 2.66 
2 -1 -1cm sec volt with a maximum extrapolation error 
estimated to be ±0 .5$>- It was not possible due to lack 
of ion current to perform either mass scans or mobility 
measurements with mass identification. However only one 
set of ion current versus frequency peaks was obtained 
in the drift section.
Measurements at 78° K .
Measurements in argon at 78° K were not possible 
due to the existence of large thermal gradients across 
the electrode structure. At 3-100 torr a temperature 
difference of 13° K existed across the electrode structure; 
this is in contrast to 4° K in neon and 2° K in helium 
at the same pressure. There was also considerable 
uncertainty as to whether the thermocouples gave a true 
indication of gas temperature. This was indicated by 
the fact that in changing the gas pressure from 3-100 torr
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to 2.325 torr values of the reduced mobility measured 
at supposedly the same value of E/N disagreed by 1%.
The value taken at the lower pressure being the higher.
The reason this effect should occur to such an extent 
in argon but not in the other inert gases is believed to 
be due to the poor conductivity of this gas. It is known 
that when the drift section is operated at liquid 
nitrogen temperatures and evacuated the temperature of 
the electrode system begins to rise. This rise in 
temperature is caused by radiation from the upper end of 
the drift section which is at room temperature. Once 
gas enters the drift section this rise in temperature 
immediately ceases and the temperature of the electrode 
structure begins to decrease towards that of the dewar. 
Thus as would be expected the presence of a gas in the 
drift section assists in the disappation of the heat 
received by the electrode structure by radiation.
However it would appear that the conductivity of argon 
is insufficient to enable the heat to be disappated 
from the electrode structure at a rate that ensures 
that its temperature differs by no more than a few 
degrees from that of the dewar. Thus the thermocouples 
do not give a correct indication of gas temperature.
T .  3-0
a: 304 K
E/Kl (Td) 
figure 5.17
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The values of the reduced zero field mobilities 
of the present results and those of Hoselitz (l94l) are 
listed in table 5*5« The corresponding variations of the 
reduced mobility with E/N of the present results are 
compared at each of the temperatures used in figures 5 *17*
Table 5.5
The reduced zero field mobility of potassium ions in
/ 2  - 1  - l xargon (cm sec volt ).
Temperature (°K) k o
Present result 304 2.67 ± 0.03
H 275 2.66 ± 0.03
n 197 2.66 ± 0.05
Hoselitz (l9^+l) 78 1.22
It 90 1.43
I? 195 2.19
H 291 2.64
If 400 2.88
tt 460 2*77
The temperature variation of the reduced zero field 
mobilities with temperature of the present results and 
those of Hoselitz are discussed in section 6.1.3*
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5»5 Error analysis.
The experimental reduced mobility is obtained from 
the expression
w p 273.16
K “ E 760 T
2dfo p 273.16 
" E 760 T
2d fo p 273♦16 
V 76O T
The errors in each of the experimental parameters are 
now considered.
The drift distance d .
The drift distance was 5*96 - 0.006 cm and is 
therefore subject to an error of less than ±0.1^. Upon 
completion of the measurements the apparatus was 
dismantled and it was discovered that one of the domed 
nuts (section 4.1.2), although remaining in position, had 
broken away from the ceramic tie rod. The effect of this 
breakage on the drift distance is unknown but since no 
change in electrode spacings was observable the drift 
distance was assumed to have remained constant.
l6o
The frequency f q .
The frequency f at which the first ion current 
maximum occurs was obtained by measuring the frequencies 
(f^, f2 ) of the first and second ion current maxima 
respectively to four figures using an electronic counter 
and averaging. At all but the highest values of E/N 
where the efficiency of the shutters is lower f^
f
always agreed with _2 to within 0.2$. The error in f
2
is therefore estimated to be at worst ± 0.2$.
The electric field strength E .
The voltage divider that provided the voltages for 
the electrode system was accurate to 0.1$ and at each 
mobility measurement the voltage, V, across the drift 
distance was measured by a John Fluke differential 
voltmeter type 891AR accurate to 0.02$. Taking account 
of the error in the voltage and in the drift distance 
the error in the electric field strength E is estimated 
at ±0.2$.
The gas temperature T .
There are a number of sources of error in the 
measurement of the gas temperature T,
(l) Calibration errors at the fixed points.
l6l
(2) The reading error of the potentiometer in measuring 
the E.M.F. of the thermocouples (±1 microvolt).
(3) The error incurred in assuming a linear temperature 
gradient across the electrode system.
(4) The uncertainty as to whether the temperature of the 
electrode system is the same as that of the gas.
The error due to (4) is always inherent in measurements 
of gas temperature and has been assumed to be negligible 
in the present investigation provided excessive 
temperature gradients did not exist across the electrode 
system. In argon at 78° K, as previously discussed in 
section 5-4 , the temperature difference was 13° K and the 
experimental results showed that this assumption was not 
valid.
In the temperature range 273° K to 303° K the
calibration was taken to be that of an identical
othermocouple which had been calibrated at 373 K the 
thermoelectric power being assumed constant over the 
range 273 to 373° K at the value 38.4 microvolts per 
degree K. The error in the temperature due to the 
reading error of the potentiometer was ±0.04$. The 
maximum temperature difference across the electrode 
system was 1° K. Thus, estimating the interpolation to 
be in error by at most ±0.3° K, the error due to this
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source was ±0.02$. Thus over the temperature range 
273° K to 303° K the maximum error in the temperature is 
estimated at ±0.1$.
To enable the thermocouples to be used at
temperatures in the vicinity of 194° K thermocouples
made of identical wire to that used in the apparatus were
calibrated against the sublimation temperature of solid
carbon dioxide observing the usual precautions at this
temperature (Scott 194l). The thermocouples gave a value
of 2706 ±1 microvolt for the E.M.F. and a sensitivity
of 31 microvolts per degree K, the temperature of the
fixed point being calculated to be 193*8 ± 0.2°K. The
total error in the calibration is estimated at ±0.1$.
At this temperature the maximum temperature difference
across the electrode structure was 2° K in helium and
neon and 3° K in argon. If the maximum uncertainty in
othe linear interpolation is estimated at 0.5 K in helium 
and neon and 0.8° K in argon the error due to this source 
in helium and neon is ±0.4$ and in argon ±0.5$* Thus at 
194° K the maximum error in the temperature was ± 0.5$ in 
helium and neon and :t0 .6$ in argon.
To calibrate the thermocouples at liquid nitrogen 
temperatures the thermocouples that were later attached 
to the electrode system were calibrated against the known
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boiling point of liquid nitrogen using the appropriate
corrections for liquid nitrogen purity and atmospheric
pressure. The E.M.F. at this temperature was 5400 ± 1
microvolt and was in excellent agreement with previous
values of the E.M.F. obtained with the same wire at
this temperature. The sensitivity of the thermocouples
was 16 microvolts per degree K and the boiling point of
the liquid nitrogen bath calculated to be 76.8 - 0.2° K.
The error due to the calibration is estimated to be
±0.4$. The maximum temperature difference across the
electrode structure was 2° K in helium and 4° K in neon.
Assuming that the maximum uncertainty in the linear
o ointerpolation for helium was 0.5 K and for neon 1 K 
the error due to this source in helium is ±0 .Gjo and in 
neon ±1.3% • Thus the maximum error in the temperature 
measurement at 78° K in helium is ± 1 %  and in neon ±1.7$*
The gas pressure p .
The error in the gas pressure, p, is the sum of 
the errors due to the calibration of the M.K.S. Baratron 
and the subsequent shift that was found to occur in the 
calibration of this gauge. The Automatic Pressure
Controller was able to control the pressure to ± 2 x 10 
torr at all pressures and hence the error due to this
-4
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source is negligible. The calibration errors are 
listed in section 4.6.1 and the lowest pressure used in 
the measurements was 0.155 torr. Since it is unknown 
when the shift in calibration occurred and since the 
magnitude of the error decreases as the pressure decreases 
a linearly decreasing error has been added to the 
calibration error at each pressure. Consequently the 
result is that the estimated error in the pressures for 
pressures of 0.232 torr and higher is ±0.5^ and at 0.155 
torr ±0.7$.
The only significant random error was that 
incurred in the measurement of the frequency fq . The 
random errors in the other parameters being negligible.
The errors assigned to the measurements in 
hydrogen and nitrogen are the same as those assigned 
to the room temperature measurements for the inert gases
in the table below.
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Summary of errors (%)
Experimentah
\t ° k
parameter \ 303
Helium
196 79
302,
276
Neon
196 80
Argon
30b,
276 197
(systematic errors)
d 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
f <0. 1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
E 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
T 0.1 0.5 1.0 0.1 0.5 1.0 0.1 0.6
p > 0.155 torr 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
p = 0.155 torr - - - - - 0.7 - -
(random errors)
f0 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
total error 1.1 1.5 2.0 1.1 1.5 2.0 1.1 1.6
assigned error ±1.0 ±1.5 ±2.0 ±1.0 ±1*5
2.2 
±2.0 ±1.0 ±2.0
5.6 Discussion of measurements made at 78° K and 19^° K .
The first measurements made at 78° K were those made
in helium. The initial values of the mobility taken at
a pressure of 2.325 torr and an E/N of approximately 5 Td 
2 -1 -1gave 17*66 cm sec volt for the value of the reduced 
mobility. However during the first four hours of 
operation the values of the mobility were noticed to
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increase with time. The increase at a fixed value of 
E/N was detected when the mobility was measured at 
different pressures or at the same pressure over a 
period of time. After four hours this continual 
increase ceased and the value of the reduced mobility 
at 5 Td measured at 2.325 torr was stable at a value
3.5% higher than the original measurement of 17*66
2 -1 -1cm sec volt . The measurements in helium were thus
completed together with those in neon with no further
increase in the values of the mobility with time being
detected. After the unsuccessful attempt to measure
the mobility in argon at liquid nitrogen temperatures
the temperature of the drift section was raised to 19^ +° K
and measurements in the three inert gases made at this
temperature. On completion of these measurements the
drift section was raised to room temperature.
From figure 5*8 it can be seen that the curve
ocorresponding to measurements at 79 K crosses the
curves corresponding to measurements made at 196° K
and 303° K. Also it appears that if the range of E/N
owere to be extended at 79 K the values of the reduced 
mobility would lie above the other two curves by an 
amount greater than the combined error limits of the 
curves. This is contrary to theory (section 2 .5) for
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at very high values of E/N the drift velocity of the
ions is greatly in excess of the thermal velocities
of the gas molecules and the gas temperature then has no
effect on the mobility. To determine whether the curve
at 79° K did approach the other two curves at high values
of E/N the dewar was filled with liquid nitrogen and
measurements begun. However once again at 2.325 torr and
an E/N of approximately 5 Td the reduced mobility was
2 -1 -1initially 17•66 cm sec volt and began to increase 
slowly in value the longer ion current passed down 
through the electrode structure. As there was no question 
of this rise being caused by the electrode structure still 
adjusting to the temperature an investigation into this 
phenomenon was begun. The results of this investigation 
are summarised below.
(1) The value of the mobility at a particular value of 
E/N initially increases in value, saturates and 
becomes highly stable with time.
(2) The increase in the mobility was accompanied by a 
decrease in the efficiency with which the electrical 
shutters were able to modulate the ion stream.
(3) The decrease in shutter efficiency occurred 
predominantly at the top shutter which received
most of the ion current.
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(4) The rate of increase of the mobility and the time 
required for a stable value to be reached was a 
function only of the length of time ion current 
passed down through the electrode structure.
(5) Measurements made at high values of E/N appeared 
to increase the rate of increase of mobility.
(6) When stable with time, the effect was independent 
of field strength. This was shown by the fact that 
measurements made at the same value of E/N and 
different pressures agreed.
(7) Cycling the temperature of the drift section between 
78° K and room temperature removed the effect.
These findings suggest that the cause of the increase 
in the measured value of the mobility is a surface effect 
occurring on the top shutter wires. Furthermore the 
fact that raising the temperature of the drift section 
to room temperature removes the effect which is observed 
at 78° K and that no such effect was ever observed at 
room temperature suggests that the values measured at 
room temperature are correct. Further evidence for the 
validity of the room temperature results is the agreement 
with the reduced zero field mobilities due to other
sources.
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From figure 5*8 it can be seen that the curve
ocorresponding to measurements made at 196 K in helium
also crosses and lies above the corresponding curve at
303° K showing that the effect discussed above is evident
at this temperature. Figures 5*13 and 5*17 show that the
effect is also present in neon at 196° K and 80° K and 
oin argon at 197 K , though the magnitude is not as 
great as in helium. An attempt to remove this error 
from the reduced zero field mobilities and reduced 
mobilities at 78° K and 194° K has been made by adjusting 
the curves to overlap at the highest values of E/N.
This correction has been made assuming the error to be 
independent of E/N as measurements of the mobility made 
at very low values of E/N and at very high values of E/N 
before the effect was stable with time were found to be 
lower than the stable values by the same amount.
The corrected reduced zero field mobilities for 
potassium ions in helium, neon and argon are listed in 
tables 5*6, 5*7 and 5*8 respectively. The values
shown in brackets are the uncorrected values.
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Table 5*6.
Corrected reduced zero field mobilities (K 0 ) of potassium
2 —  1 —  1ions in helium (cm sec volt ).
Temperature (°K) K 0
303 (no correction) 21.4
196 20.2 (2 0 .7 )
79 17.5 (18.1)
Table 5-7.
Corrected reduced zero field mobilities (k ) of potassium
2 — 1 — 1ions in neon (cm sec volt ).
Temperature (°K) f_o
302 (no correction) 7.45
276 (no correction) 7.33
196 6.97 (7.04)
80 6.49 (6.55)
171
Table 5-8.
Corrected reduced zero field mobilities
2 —  1 —  1ions in argon (cm^sec volt ).
(K ) v o ' of potassium
Temperature (° K )
304 (no correction) 
275 (no correction)
197
2.67
2.6l
2.59 (2.66)
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CHAPTER 6
INTERACTION POTENTIALS
In this chapter the interaction potentials between 
potassium ions and helium, neon and argon atoms respectively 
has been derived from the measured variation at room 
temperature of the reduced mobility with E/N reported 
in Chapter 5> using the method of Mason and Schamp. The 
method of Dalgarno, McDowell and Williams with the 
modification discussed in section 3*3 has been used to 
derive the interaction potential between potassium ions 
and helium atoms from the variation of the reduced zero 
field mobility with temperature. These derivations are 
discussed and compared in the following sections.
6.1 Interaction potential derived from the variation of
the reduced mobility with E/N
The measurements made at room temperature have 
been used in the derivation of interaction potentials 
for three reasons. Firstly these data are the most 
precise, secondly the identity of the ions is more 
certain as mass identification was possible over a much 
wider range of values of E/N and finally the results
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at room temperature are not subject to the surface effect 
occurring at the shutters (section 5*6).
The values of the polarisability used in these 
derivations in the calculation of £, the depth of the 
potential minimum (equation 3*29), were obtained from 
Dalgarno (1962) and from Rothe and Bernstein (1959)*
6.1.1 Potassium ions in helium
The interaction potential derived for the case of 
potassium ions in helium is shown in figure 6.1. The 
values obtained for the potential parameters of equation 
3•l4: are
y = 0.26
R m = 2.761 angstroms 
£ = 0.0227 e.v.
and the expression for the interaction potential is
v(r) 2806
12R
5.23 1.46 e.v. 6.1
where R is in angstroms.
The agreement between the calculated variation of 
the reduced mobility with E/N at 303°K and that obtained 
experimentally is shown in figure 6.2. Agreement to
K+ in He
b 196 .
c 79 -
_  experiment 
... predicted
E/N (Td) 
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temperature variation of the reduced zero field mobility- 
over a temperature range extending to 1200°K is shown in 
figure 6.3» Also shown in figure 6.3 are the experimental 
points from table 5*6. Figure 6.3 shows that the 
temperature T q (section 2.3) at which the mobility is 
approximately independent of E/N and at which the 
variation of the reduced zero field mobility with gas 
temperature exhibits a maximum has the value 350°K.
From figure 6.2 it can be seen that the measurements 
made at 303°K are almost independent of E/N to a value 
of E/N of approximately 20 Td but that the mobility 
decreases at higher values of E/N. This is not unexpected 
as figure 6.3 shows that there is little difference 
between the value of the reduced zero field mobility 
at 303°K and at 350°K.
The predicted variation of the reduced mobility with 
E/N at 196°K and 79°K is also shown in figure 6.2. The 
experimental curves shown in this figure have been 
adjusted in the manner described in section 5*6 so that 
the values of the reduced mobility at high values of E/N 
coalesce. As with the predicted values at 303°K the 
calculated values of the reduced mobility at 196°K and 
79°K decrease faster with increasing E/N than do the 
experimental values. This is particularly so at 79°K.
176
The convergence of Mason and Schamp's expression 
for the mobility, equation 3*24, was checked at each 
temperature by calculating the values of gQ , g^ and g^ 
at each temperature. The values obtained were found to 
conform with the convergence conditions discussed in 
section 2.3*2. The values of gQ are listed below in 
table 6.2
Table 6.2
Values of the expansion coefficient g^ at various 
temperature s
Temperature (°K) g.
70 1.00002
80
100
200
300
303
350 (To) 
4oo 
500 
800 
1200
1.00002
1.00003
1.00002
1.00000
1.00000
1.00000
1.00000
1.00001
1.00006
1.00009
Table 6.2 illustrates the way in which the convergence
, as represented by gQ , changes with gas temperature.error
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From a value of 1.00002 at 70°K g^ initially increases 
as the gas temperature is raised and the ion molecule 
system departs further from the Maxwellian model to 
which it tends at low temperatures. However, as the 
gas temperature approaches Tq the value of gQ decreases 
again towards 1.0000. This is because at Tq the first 
approximation to the mobility (equation 2 .36) is exact 
neglecting second order correction terms and once more 
there are no convergence errors. As the temperature is 
increased past Tq the value of gQ again increases.
6.1.2 Potassium ions in neon
The interaction potential derived for the case of 
potassium ions in neon is shown in figure 6.1. The 
values obtained for the potential parameters of 
equation 3 *1^ are :
Y = 0.28
= 2.884 angstroms 
£ = O.O389 e.v.
and the expression for the interaction potential is
8242 - 12.3 - 2.91 ^v(R j = ____  ___ _ e.v. 6 .
12 6 4
where R is in angstroms
a 302
b 196
c 80
experiment
predicted
E/N (Td) 
figure 6.4
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The agreement between the calculated variation of 
the reduced mobility with E/N at 302°K and that obtained 
experimentally is shown in figure 6,4 Agreement to 
within V f o , the error limit assigned to these measurements 
(section 5*5)> is obtained up to a value of E/N of 
approximately 26 Td, At higher values of E/N the 
disagreement between the calculations and experiment 
increases rapidly as figure 6,4 shows.
The calculated values of the reduced zero field 
mobility at 303°K, 276°K, 196°K and 80°K are listed in
table 6.3 together with the corresponding experimental 
values from table 5*7*
Table 6.3
The predicted and experimental values of the 
reduced zero field mobilities of potassium ions 
in neon (cm^sec'^-volt-!)
Temperature (°K) (predicted) Kq (experimental)
302 7.44 7.45
276 7.34 7.33
196 6.94 6.97
80 6.29 6.49
All the predicted values listed in table 6.3 with 
the exception of that at 80°K agree with the experimental 
values to within the assigned error limits of the
T ( ° K
figure 6.5
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experimental values. The predicted value of the 
reduced zero field mobility at 80°K differs from the 
experimental value by Jjb which is outside the assigned 
error limit of 2% at this temperature. Figure 6.5 shows 
the predicted temperature variation of the reduced 
zero field mobility in more detail over a temperature 
range extending to 1200°K. Also shown in figure 6.5 are 
the experimental values from table 5*7» Figure 6.5 shows 
that the temperature Tq at which the mobility is 
approximately independent of E/N is 600°K. which is 
well outside the temperature range over which experimental 
measurements were made.
The predicted variation of the reduced mobility with 
E/N at 196°K and 80°K are also shown in figure 6.4. As 
with the low temperature results in helium shown in 
figure 6.2 the low temperature values in neon have been 
adjusted so as to coalesce at high values of E/N 
(section 5*6). Figure 6.4 shows that similar to the 
predicted variation at 302°K the variations at 196°K and 
80°K fall off more rapidly with increasing E/N at high 
values of E/N than do the experimental values. However 
at 196°K there is excellent agreement between the two 
sets of values up to a value of E/N of approximately
24 Td.
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At 80°K the predicted values lie almost systematically 
approximately Jfb lower than the experimental values up to 
a value of E/N of 24 Td. This, together with the good 
agreement obtained between the experimental and predicted 
values of the reduced zero field mobility at the other 
temperatures, suggests that the systematic reduction 
applied to the results at 80°K in neon was insufficient. 
This is reasonable as the values of the reduced mobility 
at the highest values of E/N at this temperature are 
only accurate to ±2.2$>.
The convergence of Mason and Schamp's expression
for the mobility, equation 3*24, was checked at each
temperature through the calculation of the values of
g , g^ and g^ at each temperature. The values obtained
were found to conform with the convergence conditions
discussed in section 2.3*2. The values of g are listedo
in table 6.4
Once again it can be seen that the smallest 
convergence errors occur at the lowest temperature 
and in the vicinity of T .
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Table 6.4
Values of the expansion coefficient g at 
various temperatures
erature ( K) eo
70 1.00004
80 1.00006
90 1.00010
196 1.00069
276 1.00068
302 1.00061
4oo 1.00030
500 1.00009
600 (T0) 1.00003
700 1.00008
1000 1.00052
1200 1.00145
6 .1.3 Potassium ions in argon
The form of the interaction potential derived for 
the case of potassium ions in argon is shown in 
figure 6.1. The values obtained for the potential 
parameters of equation 3*1^ are
Y = 0.22
Rm = 3*059 angstroms
e = 0.114 e.v.
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and the expression Tor the interaction potential is
where R is in angstoms.
The agreement between the calculated variation 
of the reduced mobility with E/N at 304°K and that 
obtained experimentally is shown in figure 6.6. 
Agreement to within Vfo, the error limit a ssigned to 
these measurements (section 5» 5) is obtained up to a. 
value of E/N of 48 Td. At higher values of E/N the 
disagreement between the calculated and experimental 
values increases until at approximately 80 Td the 
calculated curve lies 2^ below that obtained from 
experiment.
The calculated values of the reduced zero field 
mobility at 304°K, 275°K and 197°K are listed in
table 6.5 together with the corresponding experimental 
values from table 5*8
4 l . 1 6.3
Table 6.5
The predicted and experimental values of the 
reduced zero field mobilities of potassium ions 
in argon (cm^sec~lvolt~l)
Temperature (°K) (predicted) (experimental)
304
275
197
2.67
2.65
2.59
2.67
2.61
2.59
20
00
 
40
00
 
60
00
 
80
00
o(,.4|OA ..39S  -UU3J y
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From table 6.5 it can be seen that at 197°K the 
agreement between experiment and the calculated value 
is excellent. However at 275°K the agreement is only 
to within 1.5$ which is outside the error limit assigned 
to the reduced zero field mobility at this temperature 
(section 5*5)* The predicted temperature variation 
of the reduced zero field mobility over a temperature 
range extending to 10,000°K is shown in figure 6.7* The 
value of T q obtained from figure 6.7 is 1800°K which is 
far beyond the temperatures at which the experimental 
measurements were made. In order to facilitate 
comparisons between the results listed in table 6.5 
and those of Hoselitz (l94l) the section of the curve 
of figure 6.7 which corresponds to the temperature 
range over which there are known measurements is shown 
in figure 6.3. Figure 6.3 shows that the measurements 
of Hoselitz at 291 °K, 400°K and 460°K are in reasonable 
agreement with the predicted variation obtained from the 
present derivation. However the values of the reduced 
zero field mobility at 195°K, 90°K and 78°K are vastly 
different. It is reasonable to suggest that the values 
at 90°K and 78°K are those of a clustered ion. This 
has already been suggested by Mason and Schamp (1958) 
in their derivation of the interaction potential from
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the results of Hoselitz. For a gas of such high 
polarisability as argon it is indeed unlikely that such 
a marked change in the mobility should occur in varying 
the gas temperature from room temperature to that of 
liquid nitrogen when a similar temperature change in 
helium and neon, gases of lower polarisability, causes 
much smaller changes.
The disagreement between the present experimental 
result at 197°K and that of Hoselitz at 195°K is more 
difficult to explain. Due to the difficulties in 
transmitted ion current at this temperature the mass 
spectrometer could not be used (section 5*4) and 
although the experimental results indicate that no 
clustering occurred (using the argument of section 4.9) 
it cannot be stated unequivocably that the present 
results at this temperature are those of potassium ions 
in argon.
The predicted variation of the reduced mobility 
with E/N at 197°K is shown in figure 6.6. The 
experimental curve at 197°K shown in figure 6,6 has 
been adjusted in a similar manner to those in helium 
and neon at low temperatures as discussed in the 
preceding two sections. The agreement between the 
calculated values of the mobility and the experimental
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results are within the assigned error limit of 2(/o of 
the latter up to a value of E/N of 42 Td. At high 
values of E/N the calculated values once more increase 
less rapidly with increasing E/N than do the experimental 
results.
The convergence of the expression for the mobility,
equation 3*24, was again checked at each temperature by
calculating the values of gQ , g^ and g^ . The values
obtained were found to conform with the convergence
conditions discussed in section 2.3*2. A selection
of values of g are listed in table 6,6. o
Table 6.6
Values of the expansion coefficient g at various
temperatures
Temperature (°K) go
70 1.00009
90 1.00015
100 1.00017
197 1.00019
275 i .o o o 49
304 1.00067
600 1.0024 .
800 1.0023
1000 1.0017
1600 1.00027
1800 (T ) 1.00017
4 ooo 1.0029
8000 1.0067
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As with helium and neon it can be seen from 
table 6.6 that in argon the smallest convergence errors 
occur at the lowest temperatures and in the vicinity of 
T . An additional contribution to the convergence 
errors in argon arises from the fact that the ions and 
gas atoms are of almost equal mass whereas in the case 
of helium the situation was that of a heavy ion in a 
light gas, a condition for which the convergence 
errors are small (section 2.3*2.).
6.1.4 Summary
It remains to comment on the energy range over 
which the interaction potentials, equations 6.1, 6.2 
and 6.3 are valid. This range is difficult to assess* 
Although in the case of potassium ions in argon at 
room temperature the calculated and experimental values 
of the reduced mobility agreed within experimental 
error up to a value of E/N of approximately 80 Td 
while in helium to 22 Td does not necessarily mean 
that the interaction potential for potassium ions in 
argon is valid over the greater energy range. The 
reason is that for potassium ions in argon, a 
situation where each member of the binary pair has almost 
equal mass, the energy transfer between the ion and the
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gas atom will be very efficient and it will be much 
harder to raise the energy of the ion above the thermal 
energy of the gas atom. On the other hand for the 
case of potassium ions in helium, where the mass of 
the potassium ion is almost ten times that of the 
helium atom, the energy transfer will be much less 
efficient and at a value of E/N of 22 Td the potassium 
ions in helium could well be as energetic as they are 
in argon at 80 Td. One general conclusion can, 
however, be drawn from the comparison of calculated 
and experimental variation of the reduced mobility 
with E/N and that is that at energies where the effect 
of the repulsive term of the interaction potential 
becomes significant the interaction potential in the 
form used by Mason and Schamp overestimates the 
effect of this term. This is the cause of the rapid 
decrease in the reduced mobility with increasing 
E/N especially evident in the cases of potassium ions 
in helium and neon (figure 6.2 and 6,4). As each 
term of the interaction potential, equation is
interconnected it is impossible to vary the magnitude 
of the repulsive term independently of the other two 
terms to gain additional information concerning the 
effect of this term. However as there is reasonable
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agreement between the predicted and experimental values
of the reduced zero field mobility and between the
predicted and experimental values of the reduced
mobility at the lowest values of E/N it seems that the
long range contributions to the interaction potential
are essentially correct.
One means of improving the method may be to 
-12replace the R term which describes repulsion and
replace it by an exponential term as used by Dalgarno, 
McDowell and Williams (1958)* This would allow the 
repulsive term to be varied to some extent independently 
of the other two terms and may prove to be the next 
improvement to the Mason and Schamp - Kihara theory 
of the mobility of ions in gases.
6.2 The interaction potential for potassium ions in 
helium derived from the variation of the reduced 
zero field mobility with temperature
The interaction potential for potassium ions in
helium was derived from the values of the reduced zero
field mobility listed in table 5»6 using the method of
Dalgarno, McDowell and Williams (1958) with the
modification mentioned in section 3*3* The derived
interaction potential has the form
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v (r ) = 74.2 exp (- 2.75 R) - I.39/R Rydbergs 6.4
where R is in units of a , the Bohr radiuso
and
v (r ) = 533 exp ( - I .45 R) - 1.47 e.v.
where R is in angstroms. The calculated values of the 
reduced zero field mobilities obtained in this derivation 
are listed in table 6.7 together with the experimental 
values from table 5*6.
Table 6 .7
Calculated and experimental values of the reduced 
zero field mobility of potassium ions in helium 
obtained by the method of Dalgarno, McDowell 
and Williams ( cm ^  sec “1 volt “1)
Temperature (°K) kq (experimental) k q (calculated )
303 21.4 21.8
196 20.2 20.0
79 17.5 19.0
From table 6.7 it can be seen that reasonable 
agreement between theory and experiment has been obtained 
at 196°K and 303°K but not at 79°K where the disagreement 
is 8.6$. This is much greater than the error limits of 
the experimental measurement at this temperature 
(section 5*5)*
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The interaction potential, equation 6.4, is 
fortuitously identical with that derived by Dalgarno, 
McDowell and Williams from the variation with temperature 
of the reduced zero field mobility of Li+ ions in helium 
and Na+ ions in helium. Dalgarno, McDowell and Williams 
reduced the measured values of the mobility used in their 
derivation by 8^. Their reason for doing this being as 
follows. The parameter k / V  ot is predicted by the
Langevin theory in the polarisation limit (equation 2 .9 0 ) 
to be 35*9 / '/~cT • Dalgarno, McDowell and Williams 
assumed the Langevin theory to apply to the mobility of 
ions in gases at room temperature, that is they assumed 
that the interaction potential at room temperature had
-4a pure R dependence. On examining the available 
experimental data, they found that Kq J  y / was
38*4 / s/ a" that is 8% higher than predicted by the 
Langevin expression and they therefore assumed that 
all the Bristol School data contained an 8^ systematic 
error. Consequently when using the mobility data of 
the Bristol School they made a reduction of 8$». Mason 
and Schamp (1958) have pointed out that this correction 
is invalid. The initial assumption of Dalgarno,
McDowell and Williams that the interaction has a pure
0.1
a : Dalgarno et al 
b: Mason & Schamp
R ( angstroms) 
figure 6.9
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R dependence for ions at room temperature is incorrect
-  6as at these ion energies the R term in the interaction 
potential is significant and thus the polarisation limit 
of the Langevin theory does not apply here.
On the basis of this 8</0 reduction in the experimental 
data Dalgarno, McDowell and Williams obtained the 
interaction potential, equation 6.4. In the present 
case no such reduction in the data was made but instead 
of using the method of Dalgarno, McDowell and Williams 
the alternative direct calculation of the momentum 
transfer cross section was used (section 3*3*)• This 
approach gives a value of D, the diffusion coefficient,
8^ 0 smaller than that predicted by Dalgarno, McDowell 
and Williams thus cancelling the 8$. adjustment that 
they made.
The interaction potential is shown in figure 6.9 
where it is compared with the corresponding interaction 
potential derived using the method of Mason and Schamp 
(section 6.1.1). As can be seen from figure 6.9 the 
potential obtained by the method of Dalgarno, McDowell 
and Williams is significantly different than that 
obtained using Mason and Schamp's method. The potential 
minimum occurs much closer to the scattering centre
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being at 1.95 angstroms rather than at 2.76 angstroms.
The potential minimum is much deeper being O.O62 e.v. 
almost six times that obtained from the Mason and Schamp 
derivation. One contributing factor to these differences 
is the absence of an R  ^ term in equation 6.4.
In the case of potassium ions in neon and in argon 
it proved impossible to find an interaction potential 
that predicted the reduced zero field mobilities with 
any success. The reason for this is considered to be 
the neglect of the R  ^ term which as can be seen from 
the Mason and Schamp derivation (sections 6.1.2 and 
6.I.3) makes a significant contribution to the 
interaction potential.
This method is not expected to be particularly
accurate in view of the approximations made. These
are discussed in section 3»3 and are of three kinds;
the error incurred in using the Massey-Mohr approximations
for the phase shift (equations 2.82 and 2.83); the
*error due to the choice of b and that due to the 
convergence of the diffusion coefficient, that is the 
value of (section 2.4.2). The coefficient e^ was 
calculated at each of the temperatures involved in the 
derivation and found to make a negligible contribution 
to the value of D. The magnitude of the errors incurred
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from the other two sources is difficult to assess. In 
view of these unavoidable approximations and with the 
present availability of numerical computers a better 
approach to this problem is to calculate the momentum 
transfer cross section directly from the phase shifts 
obtained from the Jeffrey’s approximation (equation 2.79)*
6.3 Further work
There are a number of improvements which might be 
made in the future. Foremost in experimental 
improvements is the improvement in ion current 
transmitted to the mass spectrometer to enable better 
mass identification to be made at low temperatures 
and high gas pressures. Other improvements envisaged 
are the reduction in thermal gradients at low 
temperatures possibly by the use of a radiation shield, 
the understanding and elimination of the shutter 
surface effect and the improvement in the discharge 
characteristics in the electrode system.
The analysis of the experimental data may also be 
able to be improved by the use of an exponential form 
for the repulsive term of the interaction potential as 
discussed in section 6.1.4. The next step in deriving 
the interaction potential from the zero field mobility
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would be to make use of a digital computer and perform 
a quantum mechanical calculation as suggested in 
section 6.2. This derivation might also be carried 
out for the case of lithium ions in helium as theoretical 
calculations for this ion-molecule system are now 
becoming available.
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Part B
Measurements of the Magnetic Drift Velocity and Magnetic 
Deflection Coefficient for Slow Electrons in Hydrogen
and Deuterium at 293°K•
CHAPTER 1 
INTRODUCTION
The motions of electron swarms in crossed electric 
and magnetic fields have been investigated for many 
years. The first experiments performed by Townsend and 
Tizard (1913) were undertaken as a means of measuring 
electron drift velocities. However detailed examinations 
of the motion of electron swarms under these conditions 
by Huxley (i960) have shown that the electron drift 
velocity cannot be determined in a simple way from the 
results of such experiments. Measurements in crossed 
fields can however afford valuable information about the 
energy dependence of the momentum transfer cross section 
or the form of the energy distribution and as a 
consequence there has been renewed interest in making
accurate measurements of this kind.
Receiving E lec tro d e
A C
Source
BeW
figure 1.1
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An understanding of the original method of Townsend 
may be gained from figure 1.1 where the electric field E 
is directed along the z axis, the magnetic field B along 
the y axis and the deflection of the centre of the 
electron stream being then along the x axis. The 
electron current was collected by an anode divided into 
two electrically insulated parts by an off axis slit 
that subtends an angle 0 at the source. Then for a 
given electric field strength and gas pressure the 
magnetic field strength was adjusted until equal currents 
were collected on each part of the anode. Townsend 
assumed that the centre of the electron stream was 
deflected along the resultant of the forces eE and BeW 
where ¥ is the electron drift velocity. Thus when equal 
currents were received by each part of the anode
BeW _ _x 
eE ¥z
= t an G 1.1
¥
However the assumption that the ratio of the electron
z
drift velocity in the x and z directions is equal to 
the ratios of the forces acting along these directions 
is incorrect since BeW is an average value of different 
forces on an electron while eE is a constant force acting
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continuously (Huxley 1937? Townsend 1937)* Thus there
¥Xis some error in determining directly from tanO in
z
this way though if the electron stream is not widely
¥ Xdivergent tan 3 represents a good approximation to
z
(Huxley 194o). This approximation was checked with 
the present results and found to be in error by at most 
0.3 per cent.
The more accurate procedure, at least in principle,
is to measure the current distribution across an anode
with a central slit. This forms the basis of a method
developed by Huxley and Zaazou (19^9) and used in this
investigation. Huxley (Huxley and Zaazou 19^9) has
shown that it is possible to calculate the ratio of the
currents collected by each anode half as a function of 
¥
and the ratio Eh/[(D/ t)/kT/e] , where D is the diffusion 
z
coefficient of the electrons and U their mobility, k 
Boltzmann’s constant and T the absolute gas temperature 
and the complete expression is a measure of the 
divergence of the electron stream due to diffusion. As 
this method does not require that the current ratios 
always have the same value as in Townsend’s method it is 
a great deal more flexible.
In the presence of an electric field E directed 
along the z axis the drift velocity ¥ is given by
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(Allis 1958, Huxley i960),
00
w ¥ z
-4 71 eE I c2 df ( c)—77- -- 1 77- —-7^ — L dc3 m JoQd dc 1.2
where e and m are the electronic charge and mass 
respectively, the momentum transfer cross section and
f(c) is the function describing the distribution of 
electron speeds c. The normalising relation for f(c) is
00
When a constant and uniform magnetic field B is 
applied along the y-axis it has been shown (e.g. Huxley 
i960) that the resultant drift velocity is given by
¥ = ¥ + iW
Z  X  CO
f 2-4* E e c df(c)
" 3  N m , io»x dc c
m
1.3
where w = —  and v = NQ ,c is the momentum transfer m m d
collision frequency. Therefore,
W z
-4 TT 
3
_e
m
00
j v40 m
df ( c) 
dc dc 1.4
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¥x
-4 TT
T
2e
2m
EB df(c)
,2/ , wv ( 1+— öni v2m
de de 1.5
However in laboratory experiments carried out at
relatively low gas pressures and at magnetic field
strengths of a few tens of gauss, oj is very much less
¥
than v . Thus the ratio may be written, m ¥ z
dc
x
c£ df(c )
2 dcv
o m
f°° c^ df ( c)
1.6
m
o ¥
dc dc
In terms of a transport coefficxent ¥„ is defined by ¥ Mz
the equation,
„  ¥E __x
B ¥ 1.7
which when 1.6 is substituted for 7—  becomes¥00 z
c^ df(c) 
2 dc
£  d£M do
v> dc
1.8
from which can be seen that ¥,„ has the dimension of aM
velocity.
When the momentum transfer collision frquency is
constant equation 1.8 becomes
oo
W, eE 0M m vm
oeE
m v 1.9m
This result is identically equal to the right hand side 
of equation 1.2 when evaluated under the condition of 
constant momentum transfer collision frequency. Thus 
under this condition it can be seen that W^ . is equal to 
the drift velocity W and in fact it is this quantity that 
Townsend and Tizard (1913) and Hershey (l939a ) measured 
rather than the true drift velocity W. For this reason, 
and since W is not in general equal to W , it is 
nowadays referred to as the magnetic drift velocity. It 
is related to the true drift velocity through a factor 
y defined by the relation
WnM 1.10
This factor has been termed by Frost and Phelps (1962)
201
the magnetic deflection coefficient. From equations 1.8 
and 1.2 t can be written as
! „3 df ( c ) dc
dcv0 m
I = -3
[
00
£1  M i l  d c ]2v dc J
or in terms of the momentum transfer cross section
oo
0
Equation 1.11 illustrates that t is a function of both 
the momentum transfer cross section and the distribution 
function f(c). The magnetic deflection coefficient is 
always equal to or greater than one being equal to one 
for the case of constant momentum transfer collision 
frequency. When y = 1 the drift velocity can be measured 
by the method of magnetic deflection.
In monatomic gases the energy dependence of v 
determines the energy distribution appropriate to a given 
E/N and T and hence the value of y is uniquely determined.
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A measurement of V as a function of E/N therefore allows 
(c) to be determined at least in principle although in 
practice there are more satisfactory methods. In 
polyatomic gases, on the other hand, where the energy 
distribution and hence the function f(c) is determined 
by a number of collision processes no such simple 
procedure is in general possible since the form of the 
energy distribution cannot usually be simply determined. 
However if I is used in conjunction with a knowledge of 
it is possible to interpret the form of f(c).
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CHAPTER 2
EXPERIMENTAL PROCEDURE
The design of the apparatus follows that used by 
Huxley and Zaazou (19^9)* It has axial symmetry and the 
anode is divided into two halves by a central slit.
From the ratio of the current collected by each half of 
the anode the ratio ¥ /W is calculated and ultimately
2.1 Description of apparatus.
The diffusion apparatus in which the magnetic drift 
velocity measurements were performed is shown in figure 
2.1. It is of similar construction to that described 
by Crompton, Elford and Gascoigne (l963) and was used 
by Jory (1965) to measure the magnetic drift velocity of 
electrons in nitrogen at 293° K.
The electrons are generated thermionically by a 
heated spiral of 0.002” platinum wire F, which is 
surrounded by a water jacket ¥. The present measurements 
were not of sufficient precision to warrant the use of 
the water jacket to reduce the small rises in gas
figure 2.1
A B C D
f igure 2.2
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temperature that occur without it. The electrons enter 
the main diffusion chamber, contained between anode and 
cathode, through a 1 mm source hole G in the cathode.
A uniform electric field is maintained in the diffusion 
chamber by five thick copper electrodes that divide the 
distance from anode to cathode uniformly. Each electrode 
is spaced and insulated from its neighbours by four 
ground glass spacers 0.5 mm in thickness. In an attempt 
to present a surface of uniform work function to the 
electron stream the electrodes were gold plated. The 
field between the electrodes P and S is the same as that 
between S and H to ensure that the electrons acquire the 
steady state energy distribution appropriate to the 
electric field in the diffusion chamber before entering 
through the source hole. Support for the whole structure 
is provided by four stainless steel rods insulated by 
glass sheaths from the electrodes. These rods are held 
at the mean potential of the electrodes to minimise the 
likelyhood of electrical breakdown. The complete 
electrode system and the anode is shown schematically in 
figur e 2.2.
The anode, which is 8.33 cm from the cathode, 
consists of a central disk surrounded by an outer 
annulus, both being concentric to the axis of the
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diffusion chamber. As figure 2.2 shows, the disk and 
annulus are bisected along a diameter by a transverse 
slit parallel to the direction of the magnetic field. 
When the apparatus is used for magnetic drift velocity 
measurements the segments are connected together to form 
two halves electrically insulated from each other. 
However the segments may also be connected to form the 
central disk and outer annulus required for diffusion 
experiments of the type described by Crompton, Elford 
and Gascoigne (1965)«
The whole structure upon assembly was accurately 
aligned so that the source hole was at most 0.15 mm off 
the axis at the diffusion chamber. The completed unit 
was mounted inside a Pyrex glass envelope and leads to 
the electrodes introduced through tungsten-glass seals 
at the top of the envelope. The four leads attached to 
the anode, one to each segment, were introduced in a 
similar fashion through the bottom of the envelope. The 
lower section of the envelope was coated on the outside 
with "Aqua-dag" and this coating earthed to provide an 
electrostatic screen.
2.1.1 Production and measurement of the magnetic field.
The magnetic field was generated by a pair of
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Helmholtz coils the axis of which was aligned parallel 
to the north south direction. The coil system was 
designed using formulae given by Barker (1949) to 
produce a magnetic field whose variation from uniformity 
was less than 0.2$ over that region of the diffusion 
chamber where the electric field was considered uniform. 
The magnitude of the field was determined by measuring 
the current passing through the coils. This was 
achieved by determining with a potentiometer the 
potential difference across a standard resistor of 0.1 
ohm placed in series with the coils. The field between 
the pair of Helmholtz coils was then determined from 
the formula.
T-, 16 TTnlB = "5Ö7-
where B is the field in gauss, n is the number of turns 
in each coil, I is the current in amps and r is the mean 
radial distance of the coils from the centre of the 
field. As a means of checking this relation the field 
strength between the coils was measured using both a 
Hall probe and by means of electron spin resonance.
Both methods were accurate to 1$. and confirmed that the 
above relation between the flux density and the current
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was in error by less than 1$>.
Measurements of magnetic drift velocity were made 
at two flux densities, 40 and 60 gauss.
2.1.2 Vacuum system and gas production.
An all glass vacuum system was used with a metal 
UHV tap isolating the experimental tube. The tube was 
first evacuated with a rotary pump separated from the 
system by a liquid nitrogen trap. The final pumping 
to a pressure of 10  ^ torr was achieved by a "Vacion" 
pump .
The two gases used in the measurements, hydrogen 
and deuterium, were admitted to the apparatus through a 
heated silver-palladium osmosis tube and a liquid 
nitrogen trap. The deuterium was obtained from cylinders 
supplied by the Liquid Carbonic Company, the isotope 
ratio being 99*9 per cent. Gas pressures used were 5»
10, 20, 50, 100 and 200 torr and were measured to within
0.1$» by a Texas instruments quartz spiral manometer 
calibrated against a primary pressure standard. At gas 
pressures of 100 and 200 torr electric field strengths 
of 3 to 40 V/cm were used, the lower limit being 
determined by the onset of significant errors due to 
contact potential differences over the anode surface.
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At the remaining pressures the lower limit was somewhat 
higher in order to prevent a significant proportion of 
the electron stream from entering the region of 
insufficiently uniform field adjacent to the guard 
elec trodes.
The temperature of the gas was taken to be that of 
the laboratory.
2.1.3 Measurement of the electron current ratio.
The electron currents used in the experiment were 
-12of the order of 10 amps so that effects due to space 
charge could be neglected. Measurement of such small 
currents was effected by the method described in 
Crompton, Elford and Gascoigne (1963), in which use is 
made of a double valve electrometer together with an 
induction balance. To prevent interference from the 
magnetic field of the Helmholtz coils with the valve 
electrometers the measuring equipment was placed six 
feet from the diffusion chamber. The connections were 
made by a pair of screened leads consisting of single 
strands of 0.001” nichrome wire held centrally inside a 
pair of 1.5 inch diameter brass tubes by teflon end 
pieces.
The axis of the apparatus, which is defined by the
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line parallel to the electric field and passing through 
the source hole, nominally passes through the centre of 
the transverse slit in the anode. In the absence of an 
applied magnetic field the two halves of the anode 
should therefore receive equal currents but in practice 
the ratio of the currents is usually not unity due to 
one or more of the following factors:
(1) the horizontal component of the earth's magnetic 
field in the vicinity of the tube,
(2) contact potential differences across the anode 
surface,
(3) the centre of the transverse slit being off the 
axis of the diffusion chamber, and
(4) the effective centre of the electron source not 
coinciding with the centre of the source hole.
No error in the value of W,, need arise from (l) 
since the horizontal component of the earth's magnetic 
field can be added vectorially to the value of B.
When present, the effects of contact potential 
differences can be largely nullified by the application 
of a compensating potential difference to one of the anode 
halves, using a procedure similar to that described by 
Crompton, Elford and Gascoigne (1965)* In order to 
obtain the correct compensating potential difference it
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is necessary to distinguish between the asymmetry arising 
from (l), (3)» and (4). To make the adjustment, the
value of the current ratio is first determined at the 
highest value of E to be used, the earth’s field having 
been nullified using the Helmholtz coils. This ratio is 
little affected by the presence of contact potential 
differences. The electric field is then reduced to the 
smallest value used and the compensating potential 
adjusted until the ratio of the currents with this 
electric field is approximately equal to that measured 
at the largest field. This adjustment ensures that the 
stream has the same small degree of asymmetry over the 
range of E to be used.
In most cases (3) is a small effect that can be 
accounted for by measuring the current ratio with the 
magnetic field in each direction and averaging the two
values of W,, obtained.M
The main cause of inequality was found to be due 
to (4) and was overcome by placing a small electrode 
above the source hole, and adjacent to it, in order to 
produce a small transverse electric field in this region. 
The electrode was positioned so that the application to 
it of a small negative potential difference with respect 
to the cathode moved the position of the effective
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centre of the source in the appropriate direction. The 
value of the potential was adjusted until, with B = 0, 
the currents received by each half of the anode were 
e qual.
It is worth noting that effects such as those 
described above could neither be observed nor corrected 
for in Townsend’s method. In this respect the present 
method is superior since any residual asymmetry is 
accounted for by the reversal of the magnetic field.
2.1.4 Theory of the method.
The ratio of the components of the drift velocity 
WY— - must now be related to the current ratio. Let the wz
electron source be at the origin (figure 2*3) and the 
transverse slit in the anode and the magnetic field be 
parallel to the y-axis. The electric field is taken in 
the direction of the z-axis. When the electron 
concentration is in a steady state the equation 
describing the motion of the electrons is
B
a2o n
3 2 x
a2_3_n
3 2 z
) + D
3 2  q n
3 2y
+ w 9 n 3 z 2.1
where D is the diffusion coefficient of the electrons
which remains unaffected in the y direction, and D,-. isB
212
the value of' the diffusion coefficients in directions 
normal to the magnetic field.
The y coordinate may be eliminated from 2.1 as 
follows: Let
ndy
8 nand since = 0 at y = + “ equation 2.1 may be integrated 
with respect to y with the result
ila + Lfa = 2ß + 2y2 2 D 3 x Y 3z3 x 9 z 2.2
¥ ¥ x zwhere 2 $ = —  and 2y = ——
UB DB
To solve equation 2.2 the substitution
q = V e( ßX + yz)
is made and then equation 2.2 becomes
ifv + afv = 2
2 2 A 3 x 3 z 2-3
2 2 2 where X ~ = ß + y
2 2¥ + ¥ x z
4d ; aB B 2.4
A solution that satisfies the boundary conditions at the
cathode is
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V = A I K 1(Ar) = A 2 -^(e Xr)
2 2 2where r = x + h , h being the anode to cathode distance 
The current i^ to the right hand anode half is
proportional to
)
qdx] v.Jz=h
i .e. i “ Aheyh 3x l
k J A ( x 2 + h2)*]
0
( 2 ,2« 2( x + h J ^
dx
Similarly, the current falling on the other anode half i, 
is
i^ oc Ahe yh -3X 1
K i[x (x 2 + h 2)2 ]
(x2 + h2)
dx
and the ratio of the currents is
- ßx 1K [x(x2 + h2)2 ]
■to
/ 2 ,2 \ 2" (x + h ) *
dx]
3x lK [A(x2 + h2)2]
/ 2 , 2 \ 2{x + h ) *
dx]
■'o
Following the method of Huxley (Huxley and Zaazou 
19^9) the current ratio R may be shown to be
21k
R 1 - A 1 + A 2.5
where A = exp ( -V( 1-U) 2 ) (^— ■) 2 £ 1 *'3 *5 (2n+l) (W )n Fn(V)
n=0
, „ /„x (4n2 - l2) (4n^ - l^)(4n^ - 3*)and F (V) = 1 + -- T^T----  + -^------- o ------
n 8V + (8V)2 2!
V = if h (1 + (^)2)(i + M ^ ) 2d)
z z
w Q
(— ) v¥ ’ z
T / X\ 2
1 + z
2 2¥ + ¥x z
2.6
The dimensionless quantity d that appears in the 
expression for U is a function of the electron energy
distribution and the variation of the momentum transfer
cross section with electron speed.
These equations show that the current ratio is a
¥ ¥
function of — - and ¥/D. In order to calculate from ¥ ¥z z
the current ratio it is thus necessary to know the value
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of W/D appropriate to the values of E/p and p at which
¥
X.the current ratio was determined. However -r—  cannot be¥z
calculated directly from R and an iteration procedure
carried out on a digital computer was used to determine 
¥
. The starting point of the calculation was to choose 
z ¥Xfor —— the value 0.5* Using this value U was calculated wz
from equation 2.6 and then together with the appropriate
value of ¥/D the remaining equations then used to
calculate R. This calculated value of R was then compared
with the measured value and, depending on the difference,
¥
a change was made in the initial value for . The
z
procedure was continued until agreement was reached between
the calculated and experimental values of R. Then the 
¥Xvalue of that gave this agreement was substituted into 
z
equation 1.7 in order to calculate ¥^ and using the 
appropriate value of ¥, 7 was calculated from equation 1.10. 
The values of ¥/D for hydrogen were taken from data of 
Crompton and Jory (1962) and Crompton, Elford and 
McIntosh (1968). For deuterium the majority of the values 
of ¥/D were taken from the data of McIntosh (1966), the 
remainder being measured during the present investigation. 
The same apparatus was used for these measurements as was 
used for the determination of ¥^, but the segments of the
216
anode were rewired to form the configuration of a central 
disk and outer annulus (jory 1965)*
For hydrogen the values of W needed for the 
calculation of I were taken from data published by Lowke 
(1963) and for deuterium from those published by 
McIntosh (1966).
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CHAPTER 3
RESULTS AND DISCUSSION.
The present experimental values of for electrons 
in hydrogen and deuterium together with the derived values 
of  ^ are shown in tables 3*1 and 3»2. The variation of 
 ^ with E/N is shown in figure 3*1* For each value of 
E/N, Wm was measured at pressures of 5» 10, 20, 50, 100 
and 200 torr using values of B of 40 and 60 guass.
Under these conditions Wm was independent of B to within 
experimental error as can be seen from the tables.
For a given value of E/N the majority of the results 
have a maximum scatter from the curve of best fit of 
about Vf). Since W^/W^ is directly proportional to B, 
which itself may be subject to a systematic error of 
1$» and since values of W which are subject to a possible 
error of i  1 $  must be used in the calculation of \jj, a 
reasonable estimate of the maximum error in the values 
of Wm and t is 2-3$» (jory 1 9 6.5) •
In figure 3*2 the values of for each gas have 
been plotted as a function of the characteristic energy 
D/|j rather than E/N. Figure 3» 2 affords a more useful 
comparison than figure 3«1 since as the energy 
dependence of the momentum transfer cross section is 
the same for both gases, any differences between the
in
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values of V at the same value of D/jj. arise from 
differences in the forms of the energy distribution 
functions. From figure 3.2 it can be seen that the 
values of V for the two gases are in close agreement, 
with the exception of the values within the energy 
range 0.03 < D/M- < 0 .09 volt, where there is a 
maximum difference of almost 2^ between the two curves. 
Although this difference is of the order of the overall 
experimental error claimed in t, it nevertheless exceeds 
the random error in the data and may therefore be 
significant. Some differences between the energy 
distribution functions for the two gases for similar 
values of D/ p. are to be expected because of differences 
in the power losses to rotational and vibrational 
excitation in the two cases, but to answer the question 
as to whether these differences could account for the 
differences between the curves shown in figure 3*2 
would require detailed analysis.
In deuterium there are no other experimental or
calculated values of W and ijz with which the presentm T
results can be compared. Although data are given in 
Engelhardt and Phelps (1963) from which and iji could 
be calculated, the scale of figure 13 of their paper is 
too small to provide values with which significant
219
comparisons can be made. On the other hand in hydrogen
a comparison can be made with Townsend's experimental
data and with the calculated values of Engelhardt and
Phelps (Engelhardt, private communication) and Gibson
(1969)* These comparisons are made in figure 3 *3 *
The values of  ^attributed to Townsend were calculated
from this data by dividing his tabulated 'drift
velocities' by the corresponding time-of-flight drift
velocities published by Lowke (1963), while the values
of t attributed to Engelhardt and Phelps and to Gibson
are the ratio of their calculated values of W and W.m
The agreement with Townsend's data is only fair, 
especially when it is remembered that the discrepancies 
represent differences in Wm rather than i|/ , that is, 
any errors in W are common to the two sets of values of t .
The theoretical calculations of Engelhardt and Phelps 
(1963) are an extension of those of Frost and Phelps 
(1962). From measurements of the drift velocity W and 
the characteristic energy D/jj. for electrons in normal 
hydrogen at 77° K Engelhardt and Phelps derived the 
momentum transfer cross section, the vibrational cross
section for the V = 0  --> 1 vibrational transition and
the rotational cross sections for the J = 0 --> 2 and
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J = 1 --> 3 rotational transitions based on Dalgarno
and Moffett's (1963) modification of G-erjuoy and
Stein's (1955) theoretical cross sections. As part
of the derivation the distribution functions for normal
hydrogen at 300° K were calculated for a series of
values of E/N. This calculation took into account
the ortho to para hydrogen ratio in normal hydrogen
at 300° K, the populations of the rotational levels
J = 0 ,  1, 2 and 3 and superelastic collisions. Finally
using the distribution functions ¥ and ¥ were calculatedm
and hence  ^ obtained.
The calculations of Gibson (1969) were similar to 
those of Engelhardt and Phelps except that they possess 
a higher degree of uniqueness as regards the rotational 
cross sections. Gibson has made use of the rotational 
cross section for the J = 0 — >■ 2 rotational transition
calculated by Crompton, Gibson and McIntosh (1969) from 
¥ and D/ jj. measurements for electrons in para-hydrogen 
at 77° K (Crompton and McIntosh 1967). Using this 
cross section together with measured values of ¥ and 
D/jj in normal hydrogen at 77°K Gibson has used the 
procedure of Engelhardt and Phelps to derive the cross 
section for the J = 1 — 3 rotational transition.
Each of these rotational cross sections is in much
221
better agreement with theoretical predictions than 
those of Engelhardt and Phelps and therefore the energy 
distribution functions are expected to be more 
accurate.
In general the experimental results are somewhat 
lower than the calculated values. Of the two theoretical 
calculations those of G-ibson give the better agreement, 
especially in the form of the variation of f with D/ (j.. 
Townsend* s values do not agree well either with the 
calculated values of or the present experimental values. 
An examination of the data for  ^ in nitrogen (jory 1965) 
and in helium (Crompton, Elford and Jory 1967) which 
have been obtained previously using this method, also 
reveals a general tendency for the data to be lower 
than the calculated data with which they are compared, 
although the discrepancies are rarely greater than 
the overall experimental scatter. The most significant 
comparison is that between calculated and experimental 
values in helium, where the experimental results are 
generally about 2% lower than those calculated using an 
energy-dependent momentum transfer cross section which 
leads to excellent agreement between calculated and 
experimental values of W and D/^ (Crompton, Elford and 
Jory 1967)« These comparisons suggest the presence of
222
a systematic error in the experimental results that 
could account for part, although probably not all, of 
the discrepancy between the calculated and experimental 
results in the present instance. However, recalibration 
of the Helmholtz coil system, the pressure gauge and the 
voltage divider supplying the electrode potentials 
failed to reveal a significant source of error. While 
more work is necessary to determine whether or not there 
is a further source of significant experimental error, 
the results presented here clearly demonstrate the 
expected similarity in the variation of i|j with 
characteristic energy for the two gases and are of 
sufficient accuracy for making significant comparisons 
with calculated values of the transport coefficient.
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APPENDIX 6 
PUBLICATION
'Measurement of the Magnetic Drift Velocity and 
Magnetic Deflection Coefficient for Slow Electrons in 
Hydrogen and Deuterium at 293°K', R.P. CREASER,
Aust. J. Phys. (1967) - _20, 5^7»
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